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PREFACE 


The main content of the present volume is the science of electro- 
magnetism and the science of waves (elastic, electromagnetic, and 
light). 

The International System of Units (SI) has been used throughout 
the book, although the reader is simultaneously acquainted with 
the Gaussian system. In addition to a list of symbols, the appendices 
at the end of the book give the units of electrical and magnetic 
quantities in the SI and in the Gaussian system of units, and also 
compare the form of the basic formulas of electromagnetism in both 
systems. 

The course is the result of twenty five year’s work in the Depart- 
ment of General Physics of the Moscow Institute of Engineering 
Physics. I am grateful to my colleagues and friends for thejr helpful 
discussions, criticism and advice in the course of the preparation 
of the book. 

The present course is intended above all for higher technical 
schools with an extended syllabus in physics. The material has 
been arranged, however, so that the book can be used as a teaching 
aid for higher technical schools with an ordinary syllabus simply 
by omitting some sections. 


Igor Savelyev 


‘Moscow, November, 1979 
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PART I ELECTRICITY 
AND MAGNETISM 


CHAPTER 1- ELECTRIC FIELD 
IN A VACUUM 


1.1. Electric Charge 


All bodies in nature are capable of becoming electrified, i.e. acquir- 
ing an electric charge. The presence of such a charge manifests 
itself in that a charged body interacts with other charged bodies. 
Two kinds of electric charges exist. They are conventionally called 
positive and negative. Like charges repel each other, and unlike 
charges attract each other. 

An electric charge isan integral part of certain elementary parti- 
cles*. The charge of all elementary particles (if it is not absent) is 
identical in magnitude. It can be called an elementary charge. 
We shall use the symbol e to denote a positive elementary charge. 

The elementary particles include, in particular, the electron 
(carrying the negative charge —e), the proton (carrying the positive 
charge +e), and the neutron (carrying no charge). These particles 
are the bricks which the atoms and molecules of any substance are 
built of, therefore all bodies contain electric charges. The particles 
carrying charges of different signs are usually present in a body in 
equal numbers and are distributed over it with the same density. 
The algebraic sum of the charges in any elementary volume of the 
body equals zero in this case, and each such volume (as well as the 
body as a whole) will be neutral. If in some way or other we create 
a surplus of particles of one sign in a body (and, correspondingly, 
a shortage of particles of the opposite sign), the body will be charged. 
It is also possible, without changing the total number of positive 
and negative particles, to cause them to be redistributed in a body 
so that one part of it has a surplus of charges of one sign and the 


* Elementary particles are defined as such microparticles whose internal 
structure at the present level of development of physics cannot be conceived as 
a combination of other particles. 
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other part a surplus of charges of the opposite sign. This can be 
done by bringing a charged body close to an uncharged metal one. 

Since a charge q is formed by a plurality of elementary charges, 
it is an integral multiple of e: 

q = +Ne (4.4) 
An elementary charge is so small, however, that macroscopic charges 
may be considered to have continuously changing magnitudes. 

If a physical quantity can take on only definite discrete values, 
it is said to be quantized. The fact expressed by Eq. (1.1) signifies 
that an electric charge is quantized. 

The magnitude of a charge measured in different inertial reference 
frames will be found to be the same. Hence, an electric charge is 
relativistically invariant. It thus follows that the magnitude of 
a charge does not depend on whether the charge is moving or at rest. 

Electric charges can vanish and appear again. Two elementary 
charges of opposite signs always appear or vanish simultaneously, 
however. For example, an electron and a positron (a positive elec- 
tron) meeting each other annihilate, i.e. transform into neutral 
gamma-photons. This is attended by vanishing of the charges —e 
and +e. In the course of the process called the birth of a pair, a gam- 
ma-photon getting into the field of an atomic nucleus transforms 
into a pair of particles—an electron and a positron. This process 
causes the charges —e and +e to appear. 

Thus, the total charge of an electrically isolated system* cannot 
change, This statement forms the law of electric charge conser- 
vation, 

We must note that the law of electric charge conservation is asso- 
ciated very closely with the relativistic invariance of a charge. 
Indeed, if the magnitude of a charge depended on its velocity, then 
by bringing charges of one sign into motion we would change the 
total charge of the relevant isolated system. 


1.2. Coulomb’s Law 


The law obeyed by the force of interaction of point charges was 
established experimentally in 1785 by the French physicist Charles 
A. de Coulomb (1736-1806). A point charge is defined as a charged 
body whose dimensions may be disregarded in comparison with 
the distances from this body to other bodies carrying an electric 
charge. 

Using a torsion balance (Fig. 1.4) similar to that employed b 
H. Cavendish to determine the genet constant reas Vol. ‘4 


* A system is referred to as electrically isolated if no ch ý 
penetrate through the surface confining it: arged particles can 
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p. 174), Coulomb measured the force of interaction of two charged 
spheres depending on the magnitude of the charges on them and 
on the distance between them. He proceeded from the fact that 
when a charged metal sphere was touched by an identical uncharged 
sphere, the charge would be distributed equally be- 
tween the two spheres, 

As a result of his experiments, Coulomb arrived at 
the conclusion that the force of interaction between 
two stationary point charges is Proportional to the 
magnitude of each of them and inversely proportional 
to the square of the distance between them. The direc- 
tion of the force coincides with the straight line 
connecting the charges. 

It must be noted that the direction of the force 
of interaction along the straight line.connecting the 
point charges follows from considerations of sym- 
metry. An empty space is assumed to be homogeneous 
and isotropic. Consequently, the only direction dis- 
tinguished in the space by stationary point charges 
introduced into it is that from one charge to the 
other. Assume that the force F acting on the charge 
qı (Fig. 1.2) makes the angle œ with the direction 
from q, to gz, and that a differs from 0 or n. Bat owing to axial 
symmetry, there are no grounds to set the force F aside from the 
multitude of forces of other directions making the same angle « with 


Fig. 1.4 


A 4, 


1 
i 
, 
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Fig. 1.2 Fig. 1.3 


the axis q,-g, (the directions of these forces form a cone with a cone 
angle of 2a). The difficulty appearing asa result of this vanishes 
when a equals 0 or x. 
Coulomb’s law can be expressed by the formula 
F= —k oh ey (1.2) 


Here k = proportionality constant assumed to be positive 


% and q, = magnitudes of the interacting charges 
r = distance between the charges 
ız = unit vector directed from the charge q, to I 
F,» = force acting on the charge qı (Fig. 1.3; the figure cor- 


responds to the case of like charges). 
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The force F, differs from Fj, in its sign: 


Fy=k an e:z (1.3) 
The magnitude of the interaction force, which is the same for 
both charges, can be written in the form 


lagal 
Fah lapel (1.4) 


Experiments show that the force of interaction between two given 
charges does not change if other charges are placed near them. Assume 
that we have the charge g, and, in addition, N other charges 
Qı» Q2, - - ., qy- It can be seen from the above that the resultant 
force F with which all the NV charges q; act on qa is 


N 
F= J Fa: (1.5) 
ʻi 


where F,,; is the force with which the charge q; acts on gq in the 
absence of the other M —4 charges. 

The fact expressed by Eq. (1.5) permits us to calculate the force 
of interaction between charges concentrated on bodies of finite 
dimensions, knowing the law of interaction between point charges. 
For this purpose, we must divide each charge into so small charges dq 
that they can be considered as point ones, use Eq. (1.2) to calculate 
the force of interaction between the charges dg taken in pairs, and 
then perform vector summation of these forces. Mathematically, 
this procedure coincides completely with the calculation of the 
force of gravitational attraction between bodies of finite dimensions 
(see Vol. I, Sec. 6.1) 

All experimental facts available lead to the conclusion that 
Coulomb's law holds for distances from 10-15 m to at least several 
kilometres, There are grounds to presume that for distances smaller 
than 10-16 m the law stops being correct. For very great distances, 
there are no experimental confirmations of Coulomb’s law. But 
there are also no reasons to expect that this law stops being obeyed 
with very great distances between charges, 


1.3. Systems of Units 


We can make the proportionality constant in Eq. (1.2) equal 
unity by properly choosing the unit of charge (the units for F and r 
were established in mechanics). The relevant unit of charge (when 
F and r are measured in cgs units) is called the absolute electrostatic 
unit of charge (cgseg). It is the magnitude of a charge that interacts 
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with a force of 4 dyne in a vacuum with an equal charge at a distance 
of 1 cm from it. : 

Careful measurements (they are described in Sec. 10.3) showed 
that an elementary charge is 


e= 4.80 x 10-10 cgse, (4.6) 


Adopting the units of length, mass, time, and charge as the basic 
ones, we can construct a system of units of electrical and magnetic 
quantities. The system based on the centimetre, gfamme, second, 
and the cgseg unit is called the absolute electrostatic system of units 
(the cgse system). It is founded on Coulomb’s law, i.e. the law of 
interaction between charges at rest. On a later page, we shall become 
acquainted with the absolute electromagnetic system of units (the 
cgsm system) based on the law of interaction between conductors 
carrying an electric current. The Gaussian system in which the units 
of electrical quantities coincide with those of the cgse system, and 
of magnetic quantities with those of the cgsm system, is also an 
absolute system. 

Equation (1.4) in the cgse system becomes 


P= toe! (1.7) 


This equation is correct if the charges are in a vacuum. It has to be 
determined more accurately for charges in a medium (see Sec, 2.8). 

USSR State Standard GOST 9867-61, which came into force 
on January 1, 1963, prescribes the preferable use of the Internation- 
al System of Units (SI). The basic units of this system are the 
metre, kilogramme, second, ampere, kelvin, candela, and mole. 
The SI unit of force is the newton (N) equal to 10° dynes. 

In establishing the units of electrical and magnetic quantities, 
the SI system, like the cgsm one, proceeds from the law of interac. 
tion of current-carrying conductors instead of charges, Consequently, 
the proportionality constant in the equation of Coulomh’s law is 
a quantity with a dimension and differing from unity. 

The SI unit of charge is the coulomb (C). It has been found experi- 
mentally that 

1 C=2.998 x 10° ~ 3 x 10° cgseg (1.8) 


To form an idea of the magnitude of a charge of 4 C, let us calcu- 
late the force with which two point charges of 1 C each would interact 
with each other if they were 1 m apart. By Eq. (1.7) 


F = KIO XX gser = 9 x 10 dyn =9 x 10°N © 10° kgf (1.9) 


An elementary charge expressed in coulombs is 
e=1.60 x 10 C (4.10) 
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1.4. Rationalized Form 
of Writing Formulas 


Many formulas of electrodynamics when written in the cgs systems 
(in particular, in the Gaussian one) include as factors 4% and the 
so-called electromagnetic constant c equal to the speed of light 
in a vacuum. To eliminate these factors in the formulas that are 
most important in practice, the proportionality constant in Cou- 
lomb’s law is taken equal to 1/4ne). The equation of the law for 
charges in a vacuum will thus become 


—_1 lag 
Fae ee (4.41) 


The other formulas change accordingly. This modified way of writ- 
ing formulas is called rationalized. Systems of units constructed 
with the use of rationalized formulas are also called rationalized. 
They include the SI system. 

The quantity e, is called the electric constant. It has the dimension 
of capacitance divided by length. It is accordingly expressed in 
units called the farad per metre. To find the numerical value of £p, 
we shall introduce the values of the quantities corresponding to the 
case of two charges of 1 C each and 1 m apart into Eq. (1.11). By 
Eq. (1.9), the force of. interaction in this case is 9 x 10° N. Using 
this value of the force, and also q, = qp =1C andr=1m in 
Eq. (1.41), we get. 

Sige Vai a | 
9x 10 a tae ia? 
whence 


4 wa) 
80 axax T = 0-885 x 10-4 F/m ü 


The Gaussian system of units was widely used and is continuing 
to be used in physical publications. We therefore consider it essen- 
tial to acquaint our reader with both the SI and the Gaussian system. 
We shall set out the material in the SI units showing at the same 
time how the formulas look in the Gaussian system. The fundamen- 
tal formulas of electrodynamics written in the SI and the Gaussian 
system are compared in Appendix 3. 


1.5. Electric Field. Field Strength 


Charges at rest interact through an electric field*, A charge alters 
the properties of the space surrounding it—it sets up an electric 
field in it. This field manifests itself in that an electric charge placed 


* We shall see in Sec. 6.2 that when considering moving 


charges, their inter- 
action in addition to an electric field is due to a magnetic field. nee 
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at a point of it experiences the action of a force. Hence, to see whether 
there is an electric field at a given place, we must place a charged 
body (in the following we shall say simply a charge for brevity) at 
it and determine whether or not it experiences the action of an 
electric force. We can evidently assess the “strength” of the field 
according to the magnitude of the 

force exerted on the given charge. 

Thus, to detect and study an electric F 
field, we must use a “test” charge. For % 
the force acting on our test charge to 
characterize the field “at the given 
point”, the test charge must be a point a 
one. Otherwise, the force acting on the ti 
charge will characterize the properties 
of the field averaged over the volume 7 
occupied by the body that carries the 
test charge. Fig. 1.4 

Let us study the field set up by the ne 2° 
stationary point charge q with the aid 
of the point test charge q. We place the test charge at a point whose 
position relative to the charge g is etermined by the position vector 
r (Fig. 1.4). We see that the test charge experiences the force 

1 
F=4 (pare) (1.43) 
[see Eqs. (4.3) and (1.11)]. Here e, is the unit vector of the position 
vector r. 

A glance at Eq. (1.13) shows that the force acting on our test charge 
depends not only on the quantities determining the field (on g and r), 
but also on the magnitude of the test charge q;. If we take different 
test charges qi, g{, etc., then the forces F’, F”, etc. which they 
experience at the given point of the field will be different. We can 
see from Eq. (1.13), however, that the ratio F/q; for all the test 
charges will be the same and depend only on the values of q and r 
determining the field at the given point. It is therefore natural 
to adopt this ratio as the quantity characterizing an electric field: 


F 
tr (1.14) 
This vector quantity is called the electric field strength (or intensity) 
at a given point (i.e. at the point where the test charge q, experi- 
ences the action of the force F). 

According to Eq. (1.14), the electric field strength numerically 
equals the force acting on a unit point charge at the given point 
of the field. The direction of the vector E coincides with that of the 
force acting on a positive charge. 


2—7796 
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It must be noted that Eq. (1.14) also holds when the test charge 
is negative (q¢; < 0). In this case, the vectors E and F have opposite 
directions. 

We have arrived at the concept of electric field strength when 
studying the field of a stationary point charge. Definition (4.14), 
however, also covers the case of a field set up by any collection of 
stationary charges, But here the following clarification is needed. 
The arrangement of the charges setting up the field being studied 
may change under the action of the test charge. This will happen, 
for example, when the charges producing the field are on a conduc- 
tor and can freely move within its limits. Therefore, to avoid appre- 
ciable alterations in the field being studied, a sufficiently small test 
charge must be taken. 

It follows from Eqs. (1.14) and (4.13) that the field strength of 
a point charge varies directly with the magnitude of the charge g 
and inversely with the square of the distance r from the charge to 
the given point of the field: 

4 
E= oer (4.45) 
The vector E is directed along the radial straight line passing through 
the charge and the given point of the field, from the charge if the 
latter is positive and toward the charge if it is negative. 

In the Gaussian system, the equation for the field strength of 

a point charge in a vacuum has the form 


E=~e, (4.16) 


The unit of electric field strength is the strength at a point where 
unit force (1 N in the SI and 1 dyn in the Gaussian system) acts 
on unit charge (1 C in the SI and 4 ogseg in the Gaussian system). 
This unit has no special name in the Gaussian system. The SI unit 
of electric field strength is called the volt per metre (V/m) [see 
Eq. (4.44)). 

According to Eq. (1.15), a charge of 4 C produces the following 
field strength in a vacuum at a distance of 4 m from this charge: 


N 1 1 
P= Ta xOXAy E=? X10 V/m 


This strength in the Gaussian system is 


3 9 
Bm fem SRA 10h cy 


Comparing these two results, we find that 
1 cgser =3 x 10 V/m (1.17) 
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According to Eq. (4.14), the force exerted on a test charge is 
F=qE 


It is obvious that any point charge q* at a point of a field with the 
strength E will experience the force 

F =qE (1.18) 
If the charge q is positive, the direction of the force coincides with 
that of the vector E. If q is negative, the vectors F and E are directed 
oppositely. 

We mentioned in Sec. 1.2 that the force with which a system of 
charges acts on a charge not belonging to the system equals the 
vector sum of the forces which each of the charges of the system 
exerts separately on the given charge [see Eq. (1.5)]. Hence it fol- 
lows that the field strength of a system of charges equals the vector sum 
of the field strengths that would be produced by each of the charges of 
the system separately: 

E =) E; (1.19) 


This statement is called the principle of electric field superposition. 

The superposition principle allows us to calculate the field strength 
of any system of charges. By dividing extended charges into suffi- 
ciently small fractions dg, we can reduce 
any system of charges to a collection of 
point charges. We calculate the contribu- 
tion of each of such charges to the resul- 
tant field by Eq. (1.15). 

An electric field can be described by 
indicating the magnitude and direction of 
the vector E for each of its points. The 
combination of these vectors forms the Fig. 1.5 
field of the electric field strength vector 
(compare with the field of the velocity vector, Vol. I, p. 249). The 
velocity vector field can be represented very illustratively with the 
aid of flow lines. Similarly, an electric field can be described with 
the aid of strength lines, which we shall call for short E lines or 
field lines. These lines are drawn so that a tangent to them at every 
point coincides with the direction of the vector E. The density of 
the lines is selected so that their number passing through a unit 
area at right angles to the lines equals the numerical value of the 
vector E. Hence, the pattern of field lines permits us to assess the 
direction and magnitude of the vector E at various points of space 
(Fig. 1.5). 

The E a of a point charge field are a collection of radial straight 
lines directed away from the charge if it is positive and toward it if 


* In Eq. (4.45), g stands for the chi setting up the field. In Eq. (4.18), 
q stands for the charge experiencing the force F at a point of strength E. 


D 


Q* 
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it is negative (Fig. 1.6). One end of each line is at the charge, and 
the other extends to infinity. Indeed, the total number of lines 
intersecting a spherical surface of arbitrary radius r will equal the 
product of the density of the lines and the surface area of the sphere 
4nr*. We have assumed that the density of the lines numerically 
equals Æ = (1/4me,) (g/r?). Hence, the number of lines is 
(1/4720) (q/r?) 4nr? = gle. This result signifies that the number of 
lines at any distance from a charge will be the same. It thus follows 


Fig. 1.6 


fhat the lines do not begin and do not terminate anywhere except 
tor the charge. Beginning at the charge, they extend to infinity (the 
charge is positive), or arriving from infinity, they terminate at the 
charge (the latter is negative). This property of the E lines is com- 
mon for all electrostatic fields, i.e. fields set up by any system. of 
stationary charges: the field lines can begin or terminate only at 
charges or extend to infinity. 


1.6. Potential 


Let us consider the field produced by a stationary point charge q. 
At any point of this field, the point charge q’ experiences the force 


ee 
Patt =F (rye (1.20) 


Here F (r) is the magnitude of the force F, and e; is the ünit vector 
of the position vector r determining the position of the charge g’ 
relative to the charge q: 

The force (1.20) is a central one (see Vol. I, p. 82). A central 
field of forces is conservative. Consequently, the work done by the 
forces of the field on the charge g’ when it is moved from one point 
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to another does not depend on the path. This work is 


2 
Ane f F(r)e, dì (1.21) 
1 


where dl is the elementary displacement of the charge q'. Inspection 
of Fig. 4.7 shows that the scalar product e, dl equals the increment 
of the magnitude of the position vector r, i.e. dr. Equation (1.21) 
can therefore be written in the form 


2 
Ane f P(r) ar 


1 
[compare with Eq. (3.24) of Vol. I, p. 84]. In- , 
troduction of the expression for F (r) yields ~ 
T3 
a uapa fan aede padi baggi 7 
An= Ane, (i= meg \ Ti Ta ) 4 
ti 
(4.22) 
The work of the forces of a conservative 
field can be represented as a decrement of 
the potential energy: Fig. 1.7 
Ay, = Wop, 1— Wo,2 (4.23) 
A comparison of Eqs. (1.22) and (1.23) leads to the following expres- 
sion for the potential energy of the charge gq’ in the field of the 
charge q: 


Wy= Gar t+ const 
The value of the constant in the expression for the potential energy 
is usually chosen so that when the charge moves away to infinity 
(i.e. when r = co), the potential energy vanishes. When this con- 
dition is observed, we get 

et a (1.24) 


eg CET 

Let us use the charge q’ as a test charge for studying the field. 
By Eq. (4.24), the potential energy which the test charge has depends 
not only on its magnitude g', but also on the quantities q and r 
determining the field. Thus, we can use this energy to describe the 
field just like we used the force acting on the test charge for this 
purpose. 

Different test charges gt, gt, etc. will have different energies 
Wi, Wp, etc. at the same point of a field. But the ratio W,/g, will 
be the same for all the charges [see Eq. (1.24)]. The quantity 


ee Ze TSX 95) 
&y din Ss 


senat, WB EN 


p AB) a: 
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is called the field potential at a given point and is used together with 
the field strength E to describe electric fields. 

It can be seen from Eq. (1.25) that the potential numerically 
equals the potential energy which a unit positive charge would have 
at the given point of the field. Substituting for the potential energy 
in Eq. (1.25) its value from (1.24), we get the following expression 
for the potential of a point charge: 

=r (1.26) 

In the Gaussian system, the potential of the field of a point charge 

in a vacuum is determined by the formula 


g=t (4.27) 


Let us consider the field produced by a system of N point charges 
Q» qa - ++) In. Let ry, Ta, ..., Ty be the distances from each 
of the charges to the given point of the field. The work done by the 
forces of this field on the charge g' will equal the algebraic sum of the 
work done by the forces set up by each of the charges separately: 


N 
Ay= 2 A, 
i=1 


By Eq. (1.22), each work A, equals 


ee Ts a 
A= Fe, ea tee 


where r;,, is the distance from the charge q; to the initial positior 
of the charge q’, and rj, , is the distance from q; to the final position 
of the charge g’. Hence, 
N 
1 gig’ 4 qq" 
A= Fey A Tia ato A Tis 


Comparing this equation with Eq. (1.23), we get the following 
expression for the potential energy of the charge q' in the field of 
a system of charges: 


from which it can be seen that 


fe! qi 
ọ= TE 4 a (1.28) 
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_ Comparing this formula with Eq. (1:26), we arrive at the conclu- 
sion that the potential of the field produced by a system of charges 
equals the algebraic sum of the potentials produced by each of the charges 
separately. Whereas the field strengths are added vectorially in the 
superposition of fields, the potentials are added algebraically. This 
is why it is usually much simpler to calculate the potentials than 
the electric field strengths. 

Examination of Eq. (1.25) shows that the charge g at a point 
of a field with the potential pọ has the potential energy 


W, = 49 (4.29) 


Hence, the work of the field forces on the charge q can be expressed 
through the potential difference: 


Ay, = Wo, 1—Wp, 2= 97 P — Fa) (1.30) 


Thus, the work done on a charge by the forces of a field equals the 
product of the magnitude of the charge and the difference between 
the potentials at the initial and final points (i.e. the potential decre- 
ment). 

If the charge q is removed from a point having the potential p 
to infinity (where by convention the potential vanishes), then the 
work of the field forces will be 


An = (1.34) 


He e, it follows that the potential numerically equals the work done 
by the forces of a field on a unit positive charge when the latter is removed 
from the given point to infinity. Work of the same magnitude must 
be done against the electric field forces to move a unit positive charge 
from infinity to the given point of a field. 

Equation (1.31) can be used to establish the units of potential. 
The unit of potential is taken equal to the potential at a point 
of a field when work equal to unity is required to move unit positive 
charge from infinity to this point. The SI unit of potential called 
the volt (V) is taken equal to the potential at a point when work 
of 4 joule has to be done to move a charge of 1 coulomb from infinity 


to this point: 
1J. =1 0X 14V 


whence 
E A (4.32) 
1C p 


The absolute electrostatic unit of potential (cgse,) is taken equal 
to the potential at a point when work of 1 erg has to be done to move 
a charge of +4 cgse, from infinity to this point. Expressing 4 J 
and 1 C in Eq. (4.32) through cgse units, we shall find the relation 
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between the volt and the cgse potential unit: 
4 107 4 
E, AB Se le = 7p BSC (4.33) 


Thus, 1 cgseg equals 300 V. 

A unit of energy and work called the electron-volt (eV) is frequent- 
ly used in physics. An electron-volt is defined as the work done by 
the forces of a field on a charge equal to that of an electron (i.e. on 
the elementary charge e) when it passes through a potential dif- 
ference of 1 V: 


1 eV=1.60 x 101 Cx 1 V=1.60 x10 J=1.60 x 10-12 erg 
(1.34) 
Multiple units of the electron-volt are also used: 
1 keV (kiloelectron-volt) = 10° eV 


4, MeV (megaelectron-volt) = 10% eV 
1 GeV (gigaelectron-volt) = 10° eV 


1.7. Interaction Energy 
of a System of Charges 


Equation (1.24) can be considered as the mutual potential energy 
of the charges q and q’. Using the symbols q, and g; for these charges, 
we get the following formula for their interaction energy: 

1 9, 
= an 
Wp Eat ne (1.35) 
The symbol ry. stands for the distance between the charges, 
Let us consider a system consisting of N point charges q, qq, .. . 
+ +1 y. We showed in Sec. 3.6 of Vol. I (p. 95) that the energy of 


interaction of such a system equals the sum of the energies of interac- 
tion of the charges taken in pairs: 


4 
Wp=> 2 Wo, in (in) (1.36) 
(ith) 
[see Eq. (3.60) of Vol. I, p.95). 
According to Eq. (4.35) 


Wp, n= 419k 


AA 
Amen Tik 
Using this equation in (1.36), we find that 


1 4 
i eee (1.37) 
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In the Gaussian system, the factor 4/4ne, is absent in this equa- 
tion. 

In Eq. (1.37), summation is performed over the subscripts i and k. 
Both subscripts pass independently through all the values from 1 
to W. Addends for which the value of the subscript i coincides with 
that of k are not taken into consideration. Let us write Eq. (4.37) 
as follows: 


4 i q 
Wr=z Da Dd Ta T (1.38) 
i=i h=t 
(hi) 
The expression 
N 

4 dk 

P= neo a Tih 
+i) 


is the potential produced by all the charges except q; at the point 
where the charge. q; is. With this in view, we get the following 
formula for the interaction energy: 


N 
W=- Du (4.39) 


i=1 


1.8. Relation Between Electric Field 
Strength and Potential 


An electric field can be described either with the aid of the vector 
quantity E, or with the aid of the scalar quantity 9. There must 
evidently be a definite relation between these quantities. If we 
bear in mind that E is proportional to the force acting on a charge 
and @ to the potential energy of the charge, it is easy to see that 
this relation must be similar to that between the potential energy 
and the force. 

The force F is related to the potential energy by the expression 

= —VWp (4.40) 
[see Eq: (3.32) of Vol. I, p. 88]. For a charged particle in an electro- 
static field, we have F = gE and W, = gq. Introducing these values 
into Eq. (4.40), we find that 
gE = —V (99) 
The constant q can be put outside the gradient sign. Doing this 


and then cancelling g, we arrive at the formula 
E = —Vọ (1.44) 


establishing the relation between the field strength and potential. 
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Taking into account the definition of the gradient [see Eq. (3.31) 
of Vol. 1, p. 88], we can write that 
a 
Em oy tg aw, (4:42) 


Hence, Eq. (1.41) has the following form in projections onto the 
coordinate axes: 


eee a eee ee Te 
Similarly, the projection of the vector E onto an arbitrary direc- 
tion Z equals the derivative of ọ with respect to l taken with the 
opposite sign, i.e. the rate of diminishing of the potential when 
moving along the direction l: 


E= (1.44) 


It is easy to see that Eq. (1.44) is correct by choosing J as one of the 
coordinate axes and taking Eq. (1.43) into account. 

Let us explain Eq. (1.41) using as an example the field of a point 
charge. The potential of this field is expressed by Eq. (1.26). Passing 
over to Cartesian coordinates, we get the expression 


Ope ee eee 
Tear meo er 


The partial derivative of this function with respect to z is 
aq 4 qz i gr 


Oc Greg (Ly pay = Trey 7 


Similarly 
op _ A op tgs 
ar T anata a Ebar E 


Using the found values of the derivatives in Eq- (1.42), we arrive 
at. the expression 


B= i Leet yeyt+ze). 4 or i g 

= Tne, 3 Saa e iney 7? °F 
that coincides with Eq. (4.15). 

Equation (1.41) allows us to find the field strength at every point 
from the known values of ọ. We can also solve the reverse problem, 
i.e. find the potential difference between two arbitrary points of 
a field according to the given values of E. For this purpose, we shall 
take advantage of the circumstance that the work done by the forces 
of a field on the charge q when it is moved from point 1 to point 2 
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can be calculated as 
2 


An= j gE dl 


At the same time in accordance with Eq. (1.30), this work can be 
written as 3 


A= (P1— 92) 
Equating these two expressions and cancelling g, we obtain 


2 
%—%= | Bd (1.45) 
1 


The integral can be taken along any line joining points J and 2 
because the work of the field forces is independent of the path. For 
circumvention along a closed contour, 9, = 2, and Eq. (1.45) 


becomes 
$ Edl =0 (1.46) 


(the circle on the integral sign indicates that integration is per- 
formed over a closed contour). It must be noted that this relation holds 
only for an electrostatic field. We shall see on a later page that the 
field of moving charges (i.e. a field changing with time) is not a po- 
tential. one. Therefore, condition (1.46) is not observed for it. 

An imaginary surface all of whose points have the same potential 
is called an equipotential surface. Its equation has the form 


The potential does not change in movement along an equipotential 
surface over the distance dl (dp = 0). Hence, according to Eq. (1.44), 
the tangential component of the vector E to the surface equals zero. 
We thus conclude that the vector E at every point is directed along 
a normal to the equipotential surface passing through the given 
point. Bearing in mind that the vector E is directed along a tangent 
to an E line, we can easily see that the field lines at every point are 
orthogonal to the equipotential surfaces. 

An equipotential surface can be drawn through any point of 
a field. Consequently, we can construct an infinitely great number of 
such surfaces. They are conventionally drawn so that the potential 
difference for two adjacent surfaces is the same everywhere. Thus, 
the density of the equipotential surfaces allows us to assess the 
magnitude of the field strength. Indeed, the denser are the equipo- 
tential surfaces, the more rapidly does the potential change when 
moving along a normal to the surface. Hence, Vp is greater at the 
given place, and, therefore, E is greater too. 
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Figure 1.8 shows equipotential surfaces (more exactly, their 
intersections with the plane of the drawing) for the field of a point 
charge. In accordance with the nature of the dependence of Æ on r, 
equipotential surfaces become the denser, the nearer we approach 
a charge. 

Equipotential surfaces for a homogeneous field are a collection of 
equispaced planes at right angles to the direction of the field. 


1.9. Dipole 


An electric dipole is defined as.a system of two point charges 
+g and —g identical in value and opposite in sign, the distance 


Fig. 1.8 Fig. 1.9 


between which is much smaller than that to the points at which the 
field of the system is being determined. The straight line passing 
through both charges is called the dipole axis. 

Let us first calculate the potential and then the field strength of 
a dipole. This field has axial symmetry. Therefore, the pattern of 
the field in any plane passing through the dipole axis will be the 
same, the vector E being in this plane. The position of a point relative 
to the dipole will be characterized with the aid of the position vec- 
tor r or with the aid of the polar coordinates r and 6 (Fig. 1.9). 
We shall introduce the vector l passing from the negative charge 
to the positive one. The position of the charge -+g relative to the 
centre of the dipole is determined by the vector a, and of the charge 
— q by the vector — a. It is obvious that 1 = 2a. We shall desig- 
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nate the distances to a given’ point from the charges +q and =q 
by r+ and ri, respectively. 

Owing to the smallness of a in comparison with r, we can assume 
approximately that 


rą =r — a cos ĝ = r — ae, 
r- =r + acos =r + ae, 
The potential at a point determined by the position vector r is 


EPE eG) _ A L) 
9(r)= neo \ r} re ) P E 


The product ryr_ can be replaced with r?°. The difference r- — r+, 
according to Eqs. (1.47), is 2ae, = le,. Hence, 


t ook Te (1.48) 


(4.47) 


where 
p=ql (1.49) 

is a characteristic of a dipole called its electric moment. The vec- 
tor p is directed along the dipole axis from the negative charge 
to the positive one (Fig. 1.10). 

A glance at Eq..(1.48) shows that the fieldof -ọ +g 
a dipole is determined by its electric moment a a ae P 
p. We shall see below that the behaviour of a 
dipole in an external electric field is also deter- 
mined by its electric moment p. A comparison Fig. 1.40 
with Eq. (4.26) shows that the potential of 
a dipole field diminishes with the distance more rapidly (as 1/r?) 
than the potential of a point charge field (which changes in propor- 
tion to 4/r). 

It can be seen from Fig. 1.9 that pe, = p cos 0. Therefore, Eq. (1.48) 
can be written as follows: 


4 6 
olr, ) =z oE (1.50) 


To find the field strength of a dipole, let us calculate the projec- 
tions of the vector E onto two mutually perpendicular directions by 
Eq. (1.44). One of them is determined by the motion of a point due 
to the change in the distance r (with 0 fixed), the other by the mo- 
tion of the point due to the change in the angle 0 (with r fixed, 
see Fig. 4.9). The first projection is obtained by differentiation of 
Eq. (4.50) with respect to r: 


E, ap 1 2pcos8 (1.51) 


or 4ne oe 


We shall. find the second projection (let us designate it by Ee) by 
taking the ratio of the increment of the potential pọ obtained when 
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the angle 6 grows by dð to the distance r dð over which the end 
of the Scns! r moves [in this case the quantity di in Eq: (4.44) 
equals r dð]. Thus, 


Bae DON Nania OD 
em aii 


Introducing the value of the derivative of function (1.50) with 
respect to 8, we get 


i psin® 
Eo= hee (1.52) 


The sum of the squares of Eqs. (1.51) and (1.52) gives the square of 
the vector E (see Fig. 1.9): 


E= E+ Ehe (qa 


=( z) (4) 0+3c0s20) 


jp (47 (4 cos? 0 + sin? 0) = 


Hence 


CEP Er re y 
“ta - V 1+ 300816 (1.53) 


Assuming in Eq. (1.53) that 8 = 0, we get the strength on the 
dipole axis: 


E 


1 2p 

KE (1.54) 

The vector Ey is directed along the dipole axis. This is in agreement 

with the axial symmetry of the problem, Examination of Eq. (1.51) 

shows that E, >0 when 0 = 0, and E, < 0 when 0 = n. This 

signifies that in any case the vector E; has a direction coinciding 

with that from —g to +g (i.e. with the direction of p). Equation 
(1.54) can therefore be written in the vector form: 


E, = 3 (1.55) 


Assuming in Eq. (1.53) that © = x/2, we get the field strength 
on the straight line passing through the centre of the dipole and 
perpendicular to its axis: 


ar) 
it T (1.56) 


By Eq. (1.51), when 0 = x/2, the projection Æ, equals zero. Hence, 
the vector E, is parallel to the dipole axis. It follows from Eq. (1.52) 
that when 6 = 7/2, the projection Ee is positive. This signifies that 
the vector E, is directed toward the growth of the angle 0, i.e. anti- 
parallel to the vector p. 

The field strength of a dipole is characterized by the circumstance 
that it diminishes with the distance from the dipole in proportion 
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to 4/r°, i.e. more rapidly than the field strength of a point charge 
(which diminishes in proportion to 4/r*). 

Figure 1.41 shows E lines (the solid lines) and equipotential sur- 
faces (the dash lines) of the field of a dipole. According to Eq. (1.50), 
when @ = n/2, the potential vanishes for all the r’s. Thus, all the 
points of a plane at right angles to the dipole axis and passing 
through its middle have a zero potential. This could have been pre- 
dicted because the distances from the charges +g and —q to any 
point of this plane are identical. 

Now let us turn to the behaviour of a dipole in an external elec- 
tric field. If a dipole is placed in a homogeneous electric field, the 


Fig. 4.44 Fig. 1.12 


charges +g and —g forming the dipole will be under the action of 
the forces F, and F, equal in magnitude, but opposite in direction 
(Fig. 1.12). These forces form a couple whose arm is / sin a, i.e. 
depends on the orientation of the dipole relative to the field. The 
magnitude of each of the forces is gE. Multiplying it by the arm, 
we get the magnitude of the torque acting on a dipole: 


T = qEl sin a = pE sina (4.57) 
(p is the electric moment of the dipole). It is easy to see that Eq. (1.57) 
can be written in the, vector form 
T = [pE] (1.58) 
The torque (4.58) tends to turn a dipole so that its electric moment p 
is in the direction of the field. s 
Let us find the potential energy belonging to a dipole in an exter- 
nal electric field. By Eq. (1.29), this energy is 
Wy = 99+ — 99- = q (P+ — 9-) (1.59) 
Here p, and g_ are the values of the potential of the external field 
at the points where the charges +g and —qg are placed. 
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The potential of a homogeneous field diminishes linearly in the 
direction of the vector E. Assuming that the z-axis is this direction 
(Fig. 1.13), we'can write that E = E, = —dg/dr. A glance at 
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Fig. 1.13 Fig. 1.14 


Fig. 1.43 shows that the difference P+ — p- equals the increment 
of the potential on the segment Az = l cos g: 


4 —9-= 42 cosa = — Elcosa 


Introducing this value into Eq. (1.59), we find that 
Wp = —gEl cos a = —pE cosa (1.60) 
Here a is the angle between the vectors p and E. We can therefore 
write Eq. (1.60) in the form 
W, = —pE (1.64) 
We must note that this expression takes no account of the energy 
of interaction of the charges +g and —q forming a dipole. 

We have obtained Eq. (1.61) assuming for simplicity’s sake that 
the field is homogeneous. This equation also holds, however, for 
an inhomogeneous field. 

Let us consider a dipole in an inhomogeneous field that is sym- 
metrical relative to the z-axis*. Let the centre of the dipole be on 
this axis, the dipole electric moment making with the axis an angle a, 
differing from 2/2 (Fig. 1.14). In this case, the forces acting on the 
dipole charges are not identical in magnitude. Therefore, apart from 
the rotational moment (torque), the dipole will experience a force 
tending to move it in the direction of the x-axis. To find the value 
of this force, we shall use Eq. (1.40), according to which 

F, = —0W,/dz, Fy = —OW,/dy, F, = —dW,/dz 
In view of Eq. (1.60), we can write 


Wy (z, y, 2) = —pE (z, y, 2) cosa 


* A particular case of such a field is that ofa point charge if we take a straight 
line passing through the charge as the z-axis. 
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(we consider the orientation of the dipole relative to the vector Æ 
to be constant, œ = const). 

For points on the z-axis, the derivatives of Æ with respect to y 
and z are zero. Accordingly, @W,/éy = aW,/dz = 0. Thus, only 
the force component F, differs from zero. It is 

3Wp ôE 


Jz TP -gz S% (1.62) 
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This result can be obtained if we take account of the fact that the 
field strength at the points where the charges +g and —q are (see 
Fig. 1.14) differs by the amount 


(dE/dx) Leos æ. Accordingly, the differ- gh 
ence between the forces acting on the + 
charges is q (3E/ðz) lcos a, which coin- pet ee 
cides with Eq. (1.62). 

When a is less than 1/2, the value of F 
F,, determined by Eq. (1.62) is positive. —— T m 
This signifies that under the action —— 5 >77 
of the force the dipole is pulled into 
the region of a stronger field (see Fig. Fig. 1.15 


1.14). When @ is greater than x/2, the 
dipole is pushed out of the field. 

In the case shown in Fig. 1.15, only the derivative dE/dy differs 
from zero for points on the y-axis. Therefore, the force acting on the 
dipole is determined by the component 


aWy ôE 
Fy a ATT 
The derivative dE/dy is negative. Consequently, the force is directed 
as shown in the figure. Thus, in this case too, the dipole is pulled 
into the field. 

We shall note that like —0W,/dzx gives the projection of the force 
acting on the system onto the z-axis, so does the derivative of 
Eq. (1.60) with respect to æ taken with the opposite sign give the 
projection of the torque onto the a-“axis”: Te = —pE sina. 
The minus sign was obtained because the a-“axis” and the torque T 
are directed oppositely (see Fig. 1.12). 3 


(cosa = 1) 


1.10. Field of a System of Charges at 
Great Distances 
Let us take a system of N charges qı, 92, .- ., qy in a volume 
having linear dimensions of the order of l, and study the field set 


up by this system at distances r that are great in comparison with 
l (r > l). We take the origin of coordinates O inside the volume 


3—7796 
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occupied by the system and shall determine the positions of the 
charges with the aid of the position vectors r; (Fig. 1.16; to simplify 
the figure, we have shown only the 
position vector of the i-th charge). 

The potential at the point de- 


“OP termined by the position vector 
/ ris 
og N 
14 o ania gi 
H 0 j Q (r) = Tne, 2 T=]. (1.63) 
' [i 
RN Wy H Owing to the smallness of r; in 
1 yerr ği H comparison with r, we can as- 
bk ae sume that 
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{compare with Eqs. (1:47)]. Introduction of this expression into 
Eq. (4.63) yields 2 
4 qi 1 
ae a nel Ag 
Using the formula 
4 
aa ad 4+ T 
which holds when z <1, we can transform Eq. (1.64) as follows: 
N 
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The first term of the expression obtained is the potential of the 
field of a point charge having the value q=} q; [compare with 
Eq. (1:26)]. The second term has the same form as the expression 
determining the potential of a dipole field, the part of the electric 
moment of the dipole being played by the quantity 


N 
P= 2 qır; (1.66) 


This quantity is called the dipole electric moment of a system of 
charges. It is easy to verify that for a dipole Eq. (1.66) transforms 
into the expression p = gl which we are already familiar with. 

If the total charge of a system is zero (J) q;=0), the value of the 
dipole moment does not depend on our choice of the origin of coor- 
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dinates. To convince ourselves that this)is true, let us take two 
arbitrary origins of coordinates O and O’ (Fig. 1.17). The position 
vectors of the i-th charge conducted from these points are related 
as follows: 

ri=b+r; (4.67) 
(what the vector b is is clear from the figure). With account taken 
of Eq. (1.67), the dipole moment in the system with the origin O' is 


P= Dori=Qabtrn=b Yat dam 
The first addend equals zero (because >)q, = 0). The second one 
is p—the dipole moment in a coordinate system with its origin at O. 
We have thus obtained that p’ = p. 
Equation (1.65) is in essence the first two terms of the series expan- 


sion of function (1.63) by powers of r;/r. When >) gq; #0, the first 
term of Eq. (1.65) makes the main contribution to the potential 


l + z 
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(the second term diminishes in proportion to 1/r? and is therefore 
much smaller than the first one). For an electrically neutral system 
(a= 0), the first term equals zero, and the potential is determined 
mainly by the second term of Eq. (1.65). This is how matters stand, 
in particular, for the field of a dipole. 

For the system of charges depicted in Fig. 1.18a and called 
a quadrupole, both >)q; and p equal zero so that Eq. (4.65) gives 
a zero’value of the potential. Actually, however, the field of a quad- 
rupole, although it is much weaker than that of a dipole (with the 
same values of g and J), differs from zero. The potential of the field 
set up by a quadrupole is determined mainly by the third term of 
the expansion that is proportional to 1/r. To obtain this term, we 
must take into consideration quantities of the order of (r;/r)* which 
we disregarded in deriving Eq. (1.65). For the system of charges 
shown in Fig. 1.18b and called an octupole, the third term of the 
expansion also equals zero. The potential of the field of such a system 


3 


36 Electricity and Magnetism 


is determined by the fourth term of the expansion, which is propor- 
tional to 4/r4. 

It must be noted that the quantity equal to Da: in the numerator 
of the first term of Eq. (4.65) is called a monopole or a zero-order 
multipole, a dipole is also called a first-order multipole, a quadrupole 
is called a second-order multipole, and so on. 

Thus, in the general case, the field of a system of charges at great 

` distances can be represented as the Superposition of fields set up by - 
multipoles of different orders—a monopole, dipole, quadrupole, 
octupole, etc. 


1.11. A Description of the Properties 
of Vector Fields 


To continue our study of the electric field, we must acquaint 
ourselves with the mathematical tools used to describe the proper- 
ties of vector fields. These tools are called vector analysis. In the 
present section, we shall treat the fundamental concepts and selected 
formulas of vector analysis, and also prove its two main theorems— 
the Ostrogradsky-Gauss theorem (sometimes called Gauss’s diver- 
gence theorem) and Stokes’s theorem. 

The quantities used in vector analysis can be best illustrated for 
the field of the velocity vector of a flowing liquid. We shall therefore 
introduce these quantities while dealing with the flow of an ideal 
incompressible liquid, and then extend the results obtained to 
vector fields of any nature. 

We are already acquainted with one of the concepts of vector 
analysis. This is the gradient, used to characterize scalar fields. 
If the value of the scalar quantity p = ọ (z, y, z) is compared 
with every point P having the coordinates T, Y, Z,we say that the 
scalar field of ọ has been set. The gradient of the quantity ọ is defined 
as the vector 


a 
grad p= Zhe, +e etile, (1.68) 


The increment of the function @ upon displacement: over the 
length dl = e, dr + e; dy + e, dz is 


a 
which can be written in the form 
dp = Vo-dl (4.69) 


Now we shall go over to establishing the characteristics of vector 
fields, 
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Vector Flux. Assume that the flow of a liquid is characterized 
by the field of the velocity vector. The volume of liquid flowing 
in unit time through an imaginary surface S is called the flux of 
the liquid through this surface. To find the flux, let us divide the 
surface into elementary sections of the size AS. It can be seen from 
Fig. 1.49 that during the time At a volume of liq- 
uid equal to A 

AV = (AS cos q) v At \ 


5 
will pass through section AS. Dividing this volume 2 
by the time At, we shall find the flux through sur- v 
face AS: 


` 


A0 =F = ASv cosa palua | 

: ere 

Passing over to differentials, we find that Fig. 1.19 
d® = (v cos a) dS (1.70) 


Equation (1.70) can be written in two other ways. First, if we take 
into account that v cos a gives the projection of the velocity vector 
onto the normal n to area dS, we can write Eq. (4.70) in the form 


d® = v, dS (4.74) 


Second, we can introduce the vector dS whose magnitude equals 
that of area dS, while its direction coincides with the direction 
of a normal n to the area: 


dS = dSen 
Since the direction of the vector n is chosen arbitrarily (it can be 
directed to either side of the area), then dS is not a true vector, 


but is a pseudo vector. The angle a in Eq. (1.70) is the angle between 
the vectors v and dS. Hence, this equation can be written in the form 


d® = v dS (1.72) 

By summating the fluxes through all the elementary areas into 

which we have divided surface S, we get the flux of the liquid through 
S: 

G, fv ase owas (1:73) 


A similar expression written for an arbitrary vector field a, i.e. the 
quantity 


= Í adS= È and5 1.74 
en foee fs am 
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is called the flux of the vector a through surface S. In accordance 
with this definition, the flux of a liquid can be called the flux of 
thé vector v through the relevant surface [see Eq. (1.73)]. 
The flux of a vector is an algebraic quantity. Its sign depends 
on the choice of the direction of a normal to the elementary areas 
into which surface S is divided in calculating the flux. Reversal 
of the direction of the normal changes the sign of 
4s a, and, therefore, the sign of the quantity (1.74). 
The customary practice for closed surfaces is cal- 
culation of the flux “emerging outward” from the 
a vegion enclosed by the surface. Accordingly, in 
the following we shall always implicate that n 
is an outward normal. 
We can give an illustrative geometrical in- 
terpretation of the vector flux. For this purpose, 
Fig. 4.20 we shall represent a vector field by a system of 
lines a constructed so that the density of the lines 
at every point is numerically equal to the magnitude of the vector a 
at the same point of the field (compare with the rule for constructing 
the lines of the vector E set out at the end of Sec. 4.5). Let us find 
the number AN of intersections of the field lines with the imaginary 
area AS. A glance at Fig. 1.20 shows that this number equals the 
density of the lines (i.e. a) multiplied by AS, = AS cos a: 


AN (=).a AS cosa = a, AS 
We are speaking only about the numerical equality between AV 
and a, AS. This is why the equality sign is confined in parentheses. 


According to Eq. (1.74), the expression a, AS is A®,—the flux 
of the vector a through area AS. Thus, 


AN (=) A®, (1.75) 


S=4Scos a 


obtuse. For the area shown in Fig. 1.20, all three intersections are 
positive: AN = +3(AQ®, in this case is also positive because 
a, > 0). If the direction of the normal in Fig. 1.20 is reversed, the 
intersections will become negative (AN = —3), and the flux A®, 
will also be negative. 

mation of Eq. (1.75) over the finite imaginary surface § 
yields 


®, (=) DAV = Ny — N. (4.76) 


where NM, and N- are the total number of positive and negative 
intersections of the field lines with surface S, respectively. 
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The reader may be puzzled by the circumstance that since the 
flux, as a rule, is expressed by a fractional number, the number of 
intersections of the field lines with a surface compared with the 
flux will also be fractional. Do not be confused by this, however. 
Field lines are a purely conditional image deprived of a physical 
meaning. 

Let us take an imaginary surface in the form of a strip of paper 
whose bottom part is twisted relative to the top one through the 


Fig. 4.24 Fig. 1.22 


angle x (Fig. 1.21). The direction of a normal must be chosen identi- 
cally for the entire surface. Hence, if in the top part of the strip 
a positive normal is directed to the right, then in the bottom part 
a normal will be directed to the left. Accordingly, the intersections 
of the field lines depicted in Fig. 1.21 with the top half of the surface 
must be considered positive, and with the bottom half, negative. 
An outward normal is considered to be positive for a closed surface 
(Fig. 1.22). Therefore, the intersections corresponding to outward 
protrusion of the lines (in this case the angle æ is acute) must be 
taken with the plus sign, and the ones appearing when the lines 
enter the surface (in this case the angle a is obtuse) must be taken 
with the minus sign. z 
Inspection of Fig. 1.22 shows that when the field lines enter a 
closed surface continuously, each line when intersecting the surface 
enters it and emerges from it the same number of times. As a result, 
the flux of the corresponding vector through this surface equals zero. 
It is easy to see that if field lines end inside a surface, the vector 
flux through the closed surface will numerically equal the difference 
between the number of lines beginning inside the surface (Wreg) 
and the number f lines terminating inside the surface (Nterm): 


D, (=) Npeg— N term (1.77) 
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The sign of the flux depends on which of these numbers is greater. 
en Nieg = Nterm, the flux equals zero. 

Divergence. Assume that we are given the field of the velocity 

vector of an incompressible continuous liquid. Let us take an imag- 

inary closed surface Sin the vicinity of point 

P (Fig. 1.23). If in the volume confined by this 


~a Surface no liquid appears and no liquid van- 

U ishes, then the flux flowing outward through the 

` `a surface will evidently equal zero. A liquid flux 
Se ®, other than zero will indicate that there are 


liquid sources or sinks inside the surface, i.e. 

points at which the liquid enters the volume 

Fig. 1.23 (sources) or emerges from it (sinks). The mag- 

nitude of the flux determines the total alge- 

braic power of the sources and sinks*. When the sources predominate 

over the sinks, the magnitude of the flux will be positive, and when 
the sinks predominate, negative. 

The quotient obtained when dividing the flux ©, by the volume 
which it flows out from, i.e j 


+ (4.78) 


divv= lim 22 


V+P 
The divergence of any vector a is determined in a similar way: 
7 Diag 4 
diva=lim—* = lim + fags 1.79) 
V+P vap V $ (E8) 


The integral is. taken over arbitrary closed surface S surrounding 
point P**; V is the volume confined by this surface, Since the transi- 
tion V — P is being performed upon which S tends to zero, we can 
assume that Eq. (4.79) cannot depend on the shape of the surface. 
This assumption is confirmed by strict calculations, 

Let us surround point P with a spherical surface of an extremely 
small radius r (Fig. 1.24), Owing to the smallness of r, the volume V 


* The power of a source (sink) is defined as the volume of liquid discharged 
(absorbed) in unit time. A sink can be considered as a source with a negative 
ower. 
E ** The circle on the integral sign signifies that integration is performed over 
a closed surface, 
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enclosed by the sphere will also be very small. We can therefore 
consider with a high degree of accuracy that the value of div a 
within the limits of the volume V is constant*. In this case, we 
can write in accordance with Eq. (4.79) that 


©, © div à: V 


where ®, is the flux of the vector a through the surface surrounding 
the volume V. By Eq: (1.77), D, equals “Nyeg, the number of lines 


(a) (6) "4 
Fig. 1.24 Fig. 1.25 
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of a beginning inside V if div a at point P is positive, or Mterm, 
the number of lines of a terminating inside V if div a at point P 
is negative. 

It follows from the above that the lines of the vector a begin 
in the closest vicinity of a point with a positive divergence. The 
field lines “diverge” from this point; the latter is the “source” _of 
the field (Fig. 1.24a). On the other hand, in the vicinity of a point 
with a negative divergence, the lines of the vector a terminate. 
The field lines “converge” toward this point; the latter is the “sink 
of the field (Fig. 1.246). The greater the absolute value of div a, 
the bigger is the number of lines that begin or terminate in the 
vicinity of the given point. p 

It can be seen from definition (1.79) that the divergence is a scalar 
function of the coordinates determining the positions of points in 
space (briefly—a point function). Definition (1.79) is the most 
general one that is independent of the kind of coordinate system 
used. 

Let us find an expression for the divergence in a Cartesian coordi- 
nate system. We shall consider a small volume in the form of a paral- 
lelepiped with ribs parallel to the coordinate axes in the vicinity 
of point P (z, y, z) (Fig. 1.25). The vector flux through the surface 


* It is assumed that the value of div a changes continuously, without any 
jumps, when passing from one point of a field to another. 
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of the parallelepiped is formed from the fluxes passing through each 
of the six faces separately. 

Let us find the flux through the pair of faces perpendicular to the 
z-axis (in Fig. 1.25 these faces are designated by diagonal hatching 
and by the numbers 7 and 2). The outward normal n, to face 2 
coincides with the direction of the z-axis. Hence, for points of this 
face, an, = ay. The outward normal n; to face 7 is directed opposite- 


ly to the z-axis. Therefore, for points on this face, an, = —ay. 
The flux through face 2 can be written in the form 
üx, z Ay Az 


where ax, q is the value of a, averaged over face 2. The flux through 
face 7 is 


—a, ,Ay Az 


where ax, , is the average value of a, for face 7. The total flux through 
faces 7 and 2 is determined by the expression 


(45,2—@s, 1) Ay Az (4.80) 


The difference a,» — 4z,, is the increment of the average (over 
a face) value of a, upon a displacement along the z-axis by Az. 
Owing to the smallness of the parallelepiped (we remind our reader 
that we shall let its dimensions shrink to zero), this increment can 
be written in the form (0a,,/0x) Ax, where the value da,/dx is taken 
at point P*. Therefore, Eq. (1.80) becomes 
daz = daz 
Je ÂT Ay Az = ie AV 
Similar reasoning allows us to obtain the following expressions for 


the fluxes through the pairs of faces perpendicular to the y- and 
2-axes: 


day ða. 
wy AV and a AV 


Thus, the total flux through the entire close surface is determined 
by the expression 


Dividing this expression by AV, we shall find the divergence of the 
vector a at, point P (z, y, z): 


h a day a 
diva 3+ oh = (1.84) 


* The inaccuracy which we tolerate here vanishes when the volume shrinks 
to point P in the limit transition. 
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The Ostrogradsky-Gauss Theorem. If we know the divergence of 
the vector a at every point of space, we can calculate the flux of 
this vector through any closed surface of finite dimensions. Let us 
first do this for the flux of the vector v (a liquid flux). The product 
of div v and dV gives the power of the sources of the liquid confined 


within the volume dV. The sum of such products, i.e. f div v-dV, 


gives the total algebraic power of the sources confined in the vol- 
ume V over which integration is performed. Owing to incompres- 
sibility of the liquid, the total power of the sources must equal the 
liquid flux emerging through surface S enclosing the volume V. 
We thus arrive at the equation 


$ vas= | divv av 
S v 
A similar equation’ holds for a vector field of any nature: 


$aas= | divaav (1.82) 
5 v 
This relation is called the Ostrogradsky-Gauss theorem. The integral 
in the left-hand side of the equation is calculated over an arbitrary 
closed surface S, and the integral in the right- 
hand side over the volume V enclosed by this 
surface. 

Circulation. Let us revert to the flow of an 
ideal incompressible liquid. Imagine a closed 
line—the contour T. Assume that in some way 
or other we have instantaneously frozen the 
liquid in the entire volume except for a very 
thin closed channel of constant cross section Fig. 1.26 
including the contour I (Fig. 1.26). Depending 
on the nature of the velocity vector field, the liquid in the channel 
formed will either be stationary or move along the contour (circulate) 
in one of the two possible directions. Let us take the quantity equal 
to the product of the velocity of the liquid in the channel and the 
length of the contour Z as a measure of this motion. This quantity is 
called the circulation of the vector v around the contour T. Thus, 


circulation of v around I = vl 


(since we assumed that the channel has a constant cross section, 
the magnitude of the velocity v = const). 

At the moment when the walls freeze, the velocity component 
Perpendicular to a wall will be eliminated in each of the liquid 
Particles, and only the velocity component tangent to the contour 
will remain, i.e. vı The momentum dp; is associated with this 
Component. The magnitude of the momentum for a liquid particle 
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contained within a segment of the channel of length di is pov, dl 
(p is the density of the liquid, and o is the cross-sectional area of 
the channel). Since the liquid is ideal, the action of the walls can 
change only the direction of the vector dp,, but not its magnitude. 
The interaction between the liquid particles will cause a redistribu- 
tion of the momentum between them that will level out the veloci- 
ties of all the particles. The algebraic sum of the tangential com- 


Pc 
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Fig. 1.27 Fig. 1.28 


ponents of the momenta cannot change: the momentum acquired 
by one of the interacting particles equals the momentum lost by 
the second particle. This signifies that 


povl= $ pov, di 
Tr 


where v is the circulation velocity, and v; is the tangential compo- 
nent of the liquid’s velocity in the volume o dl at the moment of 
time preceding the freezing of the channel walls, Cancelling po, 
we get 


circulation of v around IT =vl =fv dl 
T 


The circulation of any vector a around an arbitrary closed contour T 
is determined in a similar way: 


circulation of a around l= $ ad= $ a, dl (1.83) 
T T 


It may seem that for the circulation to be other than zero the 
vector lines must be closed or at least bent in some way or other 
in the direction of circumventing the contour. It is easy to see that 
this assumption is wrong. Let us consider the laminar flow of water 
in a river. The velocity of the water directly at the river bottom is 
zero and grows as we approach the surface of the water (Fig. 4.27). 
The streamlines (lines of the vector v) are straight. Notwithstanding 
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this fact, the circulation of the-vector v around the contour depicted 
by the dash line obviously differs from zero. On the other hand, 
in a field with curved lines, the circulation may equal zero. 

Circulation has the property of additivity. This signifies that 
the sum of the circulations around contours l, and T, enclosing 
neighboring surfaces S, and S, (Fig. 1.28) equals the circulation 
around contour T enclosing surface S, which is the sum of surfaces 
S, and S,. Indeed, the circulation C, around the 
contour bounding surface S$, can be represented 
as the sum of the integrals 


2 1 
C,=§adi={adl+ fad (4.84) 
Ty 1 2 
o dnt.) 

The first integral is taken over section J of the 
outer contour, the second over the interface be- Fig. 1.29 
tween surfaces S, and S, in direction 2-1. 

Similarly, the circulation C, around the contour enclosing sur- 
face $, is 


1 2 
C= §adi={aal+ f adi (1.85) 
Ta 2 4 
aD, (int.) 

The first integral is taken over section JJ of the outer contour, the 
second over the interface between surfaces S, and S, in direction 1-2. 

The circulation around the contour bounding total surface S can 
be represented in the form 

2 1 


co Gam h Ea faa (1.86) 
ir 


i 
a) a1) 


The second addends in Eqs. (4.84) and (1.85) differ only in their 
ae Therefore, the sum of these expressions will equal Eq. (1.86). 
us, 


1G 206g ICY (1.87) 


Equation (1.87) which we have proved does not depend on the 
shape of the surfaces and holds for any number of addends. Hence, 
if we divide an arbitrary open surface S into a great number of 
elementary surfaces AS* (Fig. 1.29), then the circulation around 
the contour enclosing S can be written as the sum of the elementary 


—___ 


* In the figure, the elementary surfaces are depicted in the form of rectangles. 
Actually, their shape may be absolutely arbitrary. 
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circulations AC around the contours enclosing the AS‘s: 
Ga AC; (4.88) 


Curl. The additivity of the circulation permits us to introduce 
the concept of unit circulation, i.e. consider the ratio of the circula- 
tion C to the magnitude of surface S around which the circulation 
“flows”. When surface S is finite, the ratio C/S gives the mean value 
of the unit circulation. This value characterizes the properties of 
a field averaged over surface S. To obtain the characteristic of the 
field at point P, we must reduce the dimensions of the surface, 
making it shrink to point P. The ratio C/S tends to a limit that 
characterizes the properties of the field at point P. 

Thus, let us take an imaginary contour T in a plane passing through 
point P, and consider the expression 


lim £e (1.89) 


where Ca = circulation of the vector a around the contour T 
S = surface area enclosed by the contour. 

Limit (1.89) calculated for an arbitrarily oriented plane cannot 
be an exhaustive characteristic of the field at point P because the 
magnitude of this limit depends on the orientation of the contour 
in space in addition to the properties of the field at point P. This 
orientation can be given by the direction of a positive normal n 
to the plane of the contour (a positive normal is one that is associat- 
ed with the direction of circumvention of the contour in integration 
by the right-hand screw rule). In determining limit (41.89) at the 
same point P for different directions n, we shall obtain different 
values. For opposite directions, these values will differ only in their 
sign (reversal of the direction n is equivalent to reversing the direc- 
tion of circumvention of the contour in integration, which only 
causes a change in the sign of the circulation). For a certain direction 
of the normal, the magnitude of expression (1.89) at the given point 
will be maximum. 

Thus, quantity (1.89) behaves like the projection of a vector onto 
the direction of a. normal to the plane of the contour around which 
the circulation is taken. The maximum value of quantity (1.89) 
determines the magnitude of this vector, and the direction of the 
positive normal n at which the maximum is reached gives the direc- 
tion of the vector. This vector is called the curl of the vector a. 
Its symbol is curl a. Using this notation, we can write expression 
(1.89) in the form 


eo RE, } 4 
(curl a), = lim -= lim > § adl (1.90) 
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We can obtain a graphical picture of the curl of the vector v by 
imagining a small and light fan impeller placed at. the given point 
of a flowing liquid (Fig. 1.30). At the spots where the curl differs 
from zero, the impeller will rotate, its velocity being the higher, 
the greater in value is the projection of the curl onto the impeller 
axis. 

Equation (1.90) defines the vector curl a. This definition is a most 
general one that does not depend on the kind of coordinate system 
used, To find expressions for the projections of the vector curl a 
onto the axes of a Cartesian coordinate system, we must determine 
the values of quantity (41.90) for such orientations of area § for 


— ¥ 


*K ) 


— y 


Fig. 1.30 Fig. 1.34 


which the normal n to the area coincides with one of the axes Ba. Uy Z: 
If, for example, we direct n along the z-axis, then (1.90) becomes 
(curl a),. Contour I" in this case is arranged in a plane parallel 
to the coordinate plane yz. Let us take this contour in the form of 
a rectangle with the sides Ay and Az (Fig. 1.31, the z-axis is direct- 
ed toward us in this figure; the direction of circumvention indicated 
in the figure is associated with the direction of the z-axis by the 
right-hand screw rule). Section 7 of the contour is opposite in direc- 
tion to the z-axis. Therefore, a; on this section coincides with —a,. 
Similar reasoning shows that a; on sections 2, 3, and 4 equals af, ay, 
and —a,, respectively. Hence, the circulation can be written in 
the form 


(az, 3— Gz, 4) At— (ay, a — Gy, 2) Ay (1,91) 


where a, s and a z,1 are the average values of a, on sections 3 and 1, 
respectively, and ay, and &y, are the average values of a, on 
Sections 4 and 2. 

The difference a, 5 — az, ı is the increment of the average value 
of a, on the section Az when this section is displaced in the direction 
of the y-axis by Ay. Owing to the smallness of Ay and Az, this incre- 
ment can be represented in the form (da,/dy) Ay, where the value of 
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da,/dy is taken for point P*. Similarly, the difference ay, — a, » 
can be represented in the form (@a,/0z) Az. Using these expressions 
in Eq. (4.91) and putting the common factor outside the parentheses, 
we get the following expression for the circulation: 


(moa) (aa) 


where AS is the area of the contour. Dividing the circulation by 
AS, we find the expression for the projection of curl a onto the 
z-axis: 


(curl DES wen (1.92) 
We can find by similar reasoning that 
(curl a), = = — (1.93) 
a a 
(curl a), = Gh (1.94) 


It is easy to see that any of the equations (1.92)-(1.94) can be 
obtained from the preceding one [Eq. (4.94) should be considered 
as the preceding one for Eq. (4.92)] by the so-called cyclic transpo- 
sition of the coordinates, i.e. by replacing the coordinates according 
to the scheme 


te 
Thus, the curl of the vector a is determined in the Cartesian coor- 
dinate system by the following expression: 


ôa 


< 
curl ae, Gest) tev ( Ge — 22) te, (Se aa.) (1.95) 


Below we shall indicate a more elegant way of writing this expres- 
sion. 

Stokes’s Theorem. Knowing the curl of the vector a at every point 
of surface S (not necessarily plane), we can calculate the circulation 
of this vector around contour T enclosing S (the contour may also 
not be plane). For this purpose, we divide the surface into very small 
elements AS. Owing to their smallness, these elements can be con- 
sidered as plane. Therefore in accordance with Eq. (1.90), the cir- 


* The inaccuracy which we tolerate here vanishes when the contour shrinks 
to point P in the limit transition. 
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culation of the vector a around the contour bounding AS can be 
written in the form 


AC œ~ (curl a), AS = curl a. AS (1.96) 


where n is a positive normal to surface element AS. 

In accordance with Eq. (1.88), summation of expression (1.96) 
over all the AS’s yields the circulation of the vector a around con- 
tour T enclosing S: 


C = >) AC ~ Dd} curl a. AS 


Performing a limit transition in which all the AS’s shrink to zero 
(their number grows unlimitedly), we arrive at the equation 


Gaal Ea l curl a-dS (1.97) 
r 


Equation (1.97) is called Stokes’s theorem. Its meaning is that 
the circulation of the vector a around an arbitrary contour T equals 
the flux of the vector curl a through the arbitrary surface S surrounded 
by the given contour. 

The Del Operator. Writing of the formulas of vector analysis is 
simplified quite considerably if we introduce a vector differential 
operator designated by the symbol Ų (nabla or del) and called the 
del operator or .the Hamiltonian operator. This operator denotes 
a vector with the components 0/dz, 0/dy, and 0/dz. Consequently, 


a 
V=e 2 te +e, (1.98) 


This vector has no meaning by itself. It acquires a meaning in 
combination with the scalar or vector function by which it is sym- 
bolically multiplied. Thus, if we multiply the vector V by the 
scalar ~, we obtain the vector 


a a 
Vo= es Se hey Ge bes Fe (4.99) 


which is the gradient of the function [see Eq. (1.68)]. 
The scalar product of the vectors V and a gives the scalar 
da, a, 6a. 
Va = Vide + Vit +Vi =a +a +5, (1-100) 


which we can seë to be the divergence of the vector a [see Eq. (1.81)]. 

Finally, the vector product of the vectors V and a gives a vector 
with the components [Val]; = Vy@z — V2, = 9a,/dy — 0a,/02, 
etc., that coincide with the components of curl a [see Eqs. (1.92)- 
(1.94)]. Hence, using the writing of a vector product with the aid 


4—7796 
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of a determinant, we have 


curl a= [Va] = = -5 4 (4.404) 
a, ay a, 


Thus, there are two ways of denoting the gradient, divergence, 
and curl: 


Vp=gradp, Va=diva, [Va]=curla 


The use of the del symbol has a number of advantages, We shall 
therefore use such symbols in the following. One must accustom 
oneself to identify the symbol Vo with the words “gradient of phi” 
(i.e. to say not “del phi”, but “gradient of phi”), the symbol va 
with the words “divergence of a” and, finally, the symbol [va] 
with the words “curl of a”. 

When using the vector V, one must remember that it is a dif- 
ferential operator acting on all the functions to the right of it. 
Consequently, in transforming expressions including V, one must 
take into consideration both the rules of vector algebra and those 
of differential calculus. For example, the derivative of the product 
of the functions and y is 


(op) = op + oy’ 
Accordingly, 
grad (Pp) = V (gp) = pve + gyy = 


=p grad ọ + ọ grad p (1.102) 
Similarly 


div (pa) = V (pa) = avg + ọVa = a grad e+ ọ div a (4.103) 


The gradient of a function @ is a vector function. Therefore, the 
divergence and curl operations can be performed with it: 


div grad @ = V (Ve) = (VY) p= (V+ V? + V?) p= 
EORTC E E (4.404) 


Oz? oy? 622 


(A is the Laplacian operator) 
curl grad pọ = [y, Vp] = [yy] p = 0 (1.105) 
(we remind our reader that the vector product of a vector and itself 
is zero). 
Let us apply the divergence and curl operations to the function 
curl a: 


div curl a = y [va] = 0 (1.106) 
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(a scalar triple product equals the volume of a parallelepiped con- 
structed on the vectors being multiplied (see Vol. I, p. 34); if 
two of these vectors coincide, the volume of the parallelepiped equals 
zero); 
curl curl a = [V, [val] = V (Va) — (VV) a = 

= grad diva — Aa (4.107) 


[we have used Eq. (1.35) of Vol. I, p. 32, namely, [a, [be]] = 
= b (ac) — c (ab)i, 

Equation (1.106) signifies that the field of a curl has no sources. 
Hence, the lines of the vector [Va] have neither a beginning nor 
an end. It is exactly for this reason that the flux of a curl through 
any surface S resting on the given contour T is the same [see Eq. (1.97)]. 

We shall note in concluding that when the del operator is used, 
Eqs. (1.82) and (1.97) can be given the form 


$ a-ds= f Va-dV (the Ostrogradsky-Gauss theorem) (1.408) 
8 


Vv 
ad= J [va]-dS (Stokes’s theorem) (1.109) 
T 


1.12. Circulation and Curl 
of an Electrostatic Field 


We established in Sec. 1.6 that the forces acting on the charge q 
in an electrostatic field are conservative. Hence, the work of these 


forces on any closed path T is zero: 


A=$qEd=0 
aw 


Cancelling g, we get 
$ Edi=0 (4.440) 
T 


[compare with Eg. (1.46)]. 

The integral an fott Sand side of Eq. (1.440) is the circulation 
of the vector E around contour I [see expression (1.80)]. Thus, an 
electrostatic field is characterized by the fact that the circulation 
of the strength vector of this field around any closed contour equals 
zero. 

Let us take an arbitrary surface S resting on contour T for which 
the circulation is calculated (Fig. 1.32). According to Stokes's 
theorem [see Eq. (1.109)], the integral of curl E taken over this 


4* 
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surface equals the circulation of the vector E around contour T: 
f [VEs = Ea (1.111) 
5 r 


Since the circulation equals zero, we arrive at the conclusion that 
J [VE]dS=0 


This condition must be observed for any surface S resting on arbitrary 
contour T. This is possible only if the curl of the vector E at 
every point of the field equals zero: 


[VE] =0 (4.442) 


By analogy with the fan impeller shown in Fig. 1.25, let us ima- 
gine an electrical “impeller” in the form of a light hub with spokes 


Fig. 1.32 Fig. 1.33 


whose ends carry identical Positive charges q (Fig. 1.33; the entire 
arrangement must be small in size). At the points of an electric 
field where curl E differs from zero, such an impeller would rotate 
with an acceleration that is the greater, the larger is the projection 
of the curl onto the impeller axis. For an electrostatic field, such 
an imaginary arrangement would not rotate with any orientation 
of its axis. 

Thus, a feature of an electrostatic field is that it is a non-circuital 
one. We established in the preceding section that the curl of the 
gradient of a scalar function equals zero [see expression (1.96)]. 
Therefore, the equality to zero of curl E at every point of a field 
makes it possible to represent E in the form of the gradient of a sca- 
lar function @ called the potential. We have already considered this 
representation in Sec. 1.8 [see Eq. (4.44); the minus sign in this 
equation was taken from physical considerations]. 

We can immediately conclude from the need to observe condi- 
tion (1.110) that the existence of an electrostatic field of the kind 
shown in Fig. 1.34 is impossible. Indeed, for such a field, the circu- 
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lation around the contour shown by) the dash line would differ 
from zero, which contradicts condition (1.110). It is also impossible 
for a field differing from zero in a restricted volume to be homogeneous 


a F 
' ' -e E 
— ed ee 
Lakes 3 ———_ 
————_—_—_ ae 
Fig. 1.34 Fig. 1.35 


throughout this volume (Fig. 4.35). In this case, the circulation 
around the contour shown by the dash line would differ from zero. 


4.43. Gauss’s Theorem 


We established in the preceding section what the curl of an elec- 
trostatic field equals. Now let us find the divergence of a field. For 
this purpose, we shall consider the field of 
a point charge q and calculate the flux of 
the vector E through closed surface S sur- 
rounding the charge (Fig. 1.36). We showed 
in Sec. 4.5 that the number of lines of the 
vector E beginning at a point charge +q or 
terminating at a charge —@ numerically 
equals q/e. 

By Eq. (4.77), the flux of the vector E 
through any closed surface equals the num- 
ber of lines coming out, i.e. beginning on the 
charge, if it is positive, and the number of 
lines entering the surface, i.e. terminating Fig. 1.36 
on the charge, if it is negative. Taking into 
account that the number of lines beginning or terminating at a point 
charge numerically equals glep (see Sec. 1.5), we can write that 


(4.443) 


Ope 
Ee 


The sign of the flux coincides with that of the charge g. The dimen- 
sions of both sides of Eq. (1.113) are identical. i 

Now let us assume that a closed surface surrounds N point charges 
Qi» qa, - + +1 qy- On the basis of the superposition principle, the 
strength E of the field set up by all the charges equals the sum of the 


54 Electricity and Magnetism 
a ad A 


strengths E; set up by each charge separately: E= >) E; Hence, 
o,=$Eds =$ (5 E,)dS= 5) $ E, as 
5 ig? i 8 
Each of the integrals inside the sum sign equals q,/e,. Therefore 


N 
®=$Eds—-+ 5 a (4.444) 
8 


i=i 


The statement we have proved is called Gauss’s theorem. Accord- 
ing to it, the flux of an electric field strength vector through a closed 
surface equals the algebraic sum of the charges enclosed by this surface 
divided by eg: 

When considering fields set up by macroscopic charges (i.e. 
charges formed by an enormous number of elementary charges), 
the discrete structure of these charges is disregarded, and they are 
considered to be distributed in space continuously with a finite 


di 
e= (4.415) 


Knowing the charge density at every point of space, we can find 
the total charge surrounded by closed surface S. For this purpose, 
we must calculate the integral of p with respect to the volume enclosed 


by the surface: 
| li ay pdy 


Thus, Eq. (1.114) can be written in the form 
laaa oa (4.116) 
8 


Replacing the surface integral with a volume one in accordance 
with Eq. (1.108), we have 


4 
Rana alee 
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The relation which we have arrived at must be observed for any 
arbitrarily chosen volume V. This is possible only if the values of 
the integrands for every point of space are the same. Hence, the 
divergence of the vector E is associated with the density of the 
charge at the same point by the equation 


vest p (4.417) 


This equation expresses Gauss’s theorem in the differential form. 

For a flowing liquid, Vv gives the unit power of the sources of the 
liquid at a given point. By analogy, charges are said to be sources 
of an electric field. 


1.14. Calculating Fields with the Aid of 
Gauss’s Theorem 


Gauss’s theorem permits us in a number of cases to find the strength 
of a field in a much simpler way than by using Eq. (1.15) for the 
field strength of a point charge and the field superposition principle. 
We shall demonstrate the possibilities of Gauss’s theorem by employ- 
ing a few examples’ that will be useful for our "further exposition. 
Before starting on our way, we shall introduce the concepts of 
surface and linear charge densities. 

If a charge is concentrated in a thin surface layer of the body 
carrying the charge, the distribution of the charge in space can be 
characterized by the surface density o, which is determined by the 
expression 


d 
o= (4.418) 


Here dg is the charge contained in the layer of area dS. By dS is 
meant an infinitely small (physically) section of the surface. 

If a charge is distributed over the volume or surface of a cylindri- 
cal body (uniformly in each section), the linear charge density is 
used, i.e. 


pera. (4.449) 


where di = length of an infinitely small (physically) segment of 
the cylinder 
dq = charge concentrated on this segment. 
Field of an Infinite Homogeneously Charged Plane. Assume that 
the surface charge density at all points of a plane is identical and 
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equal to ø; for definiteness we shall consider the charge to be positive. 
It follows from considerations of symmetry that the field strength 
at any point is directed at right angles to the plane. Indeed, since 
the plane is infinite and charged homogeneously, there is no reason 
why the vector E should deflect to a side from a normal to the plane. 
It is further evident that at points symmetrical relative to the 
plane, the field strength is identical in magnitude and opposite in 
direction. 

Let us imagine mentally a cylindrical surface with generatrices 
perpendicular to the plane and bases of a size AS arranged symmetri- 


+0 


Fig: 1.38 


cally relative to the plane (Fig. 1.37). Owing to symmetry, we have 
E’ = E” = E, We shall apply Gauss’s theorem to the surface. 
The flux through the side part of the surface will be absent because 
En at each point of it is zero. For the bases, E, coincides with Æ. 
Hence, the total flux through the surface is 2EAS. The surface 
encloses the charge oAS, According to Gauss’s theorem, the condi- 
tion must be observed that 


oAS 
2EAS = Romy 
whence 
o 
E= Zk. (4.120) 


The result we have obtained does not depend on the length of the 
cylinder. This signifies that at any distances from the plane, the 
field strength is identical in magnitude. The field lines are shown 
in Fig. 1.38. For a negatively charged plane, the result will be the 
same except for the reversal of the direction of the vector E and 
the field lines. 
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If we take a plane of finite dimensions, for instance a charged 
thin plate*, then the result obtained above will hold only for points, 
the distance to which from the edge of the plate considerably exceeds 
the distance from the plate itself (in Fig. 1.39 the region containing 
such points is outlined by a dash line). At points at an increasing 
distance from the plane or approaching its edges, the field will differ 
more and more from that of an infinitely charged plane. It is easy 


+0 -0 
pee Pe 
; fie eg SAN 
a 
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Fig. 1.39 Fig. 1.40 


to imagine the nature of the field at great distances if we take into 
account that at distances considerably exceeding the dimensions 
of the plate, the field it sets up can be treated as that of a point 
charge. 

Field of Two Uniformly Charged Planes. The field of two parallel 
infinite planes carrying opposite charges with a constant surface 
density o identical in magnitude can be found by superposition 
of the fields produced by each plane separately (Fig. 1.40). In the 
region between the planes, the fields being added have the same 
direction, so that the resultant field strength is 


ae 1.424 
a (4.424) 


Outside the volume bounded by the planes, the fields being added 
have opposite directions so that the resultant field strength equals 
zero. 

Thus, the field is concentrated between the planes. The field 
strength at all points of this region is identical in value and in direc- 


* For a plate, by a in Eq. (4.120) should be understood the charge concentrat- 
ed on im? of De H eee i ate thickness. In metal bodies, the charge is 
distributed over the external surface. Therefore by o we should understand the 
double value of the charge density on the surfaces surrounding the metal plate. 
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tion; consequently, the field is homogeneous. The field lines are 
a collection of parallel equispaced straight lines. 
The result we have obtained also holds approximately for planes 
of finite dimensions if the distance between them is much smaller 
than their linear dimensions (a parallel-plate capa- 
citor). In this case, appreciable deviations of the 
field from homogeneity are observed only near the 
edges of the plates (Fig. 1.41). 

Field of an Infinite Cnarged Cylinder. Assume 
that the field is produced by an infinite cylin- 
drical surface of radius R whose charge has a con- 
stant surface density o. Considerations of symmetry 
show that the field strength ‘at any point must be 
directed along a radial line perpendicular to the cyl- 
inder axis, and that the magnitude. of the strength 
can depend only on the distance r from the cylin- 
der axis, Let us mentally imagine a coaxial closed 
cylindrical surface of radius r and height h with a 
charged surface (Fig. 1.42). For the bases of the cyl- 
inder, we have E, = 0, for the side surface En, = 

Fig. 4.44 =E (r) (the charge is assumed to be positive). 
Hence, the flux of the vector E through the surface 

being considered is Æ (r)-2nrh. If r >R, the charge q = Ah (where 
à is the linear charge density) will get into the surface. Applying 
Gauss’s theorem, we find that 


Ah 
E(r)-2nrh= an 


Hence, 


LOA (PSR) (1.122) 


E(r)= 2ne r 


If r< R, the closed surface being 
considered contains no charges inside, 
owing to which Æ (r) = 0, 

Thus, there is no field inside a uniformly charged cylindrical 
surface of infinite length. The field strength outside the surface is 
determined by the linear charge density 4 and the distance r from 
the cylinder axis. 

The field of a negatively charged cylinder differs from that of 
a positively charged one only in the direction of the vector E. 

A glance at Eq. (1.122) shows that by reducing the cylinder 
radius R (with a constant linear charge density A), we can obtain 
a field with a very great strength near the surface of the cylinder. 

Introducing 4 = 2nRo into Eq. (1.122) and assuming that r = 
= R, we get the following value for the field strength in direct 


Fig. 1.42 


Electric Field in a Vacuum 59 
proximity to the surface of a cylinder: 
o 

ER = (4.123) 


The superposition principle makes it simple to find the field of 
two coaxial cylindrical surfaces carrying a linear charge density A 
of the same magnitude, but of opposite signs (Fig. 1.43). There is 
no field inside the smaller and outside the larger cylinders. The 
field strength in the gap between the 
cylinders is determined by Eq. (1.122). 
This also holds for cylindrical surfaces 
of a finite length if the gap between the 
surfaces is much smaller than their 
length (a cylindrical capacitor). Appre- 
ciable deviations from the field of sur- 
faces of an infinite length will be ob- 
served only near the edges of the 
cylinders. 

Field of a Charged Spherical Surface. 

The field produced by a spherical sur- 
face of radius R whose charge’ has a 
constant surface density o will obvi- Fig. 1.43 
ously be a centrally symmetrical one. 
This signifies that the direction of the vector E at any point passes 
through the centre of the sphere, while the magnitude of the field 
strength is a function of the distance rfrom the centre of the sphere. 
Let us imagine a surface of radiusr that is concentric with the charged 
sphere. For all points of this surface, En = Æ (r). If r >R, the 
entire charge q distributed over the sphere will be inside the sur- 
face. Hence, 


E (r) án =L 


whence 


E(r)= z 4 (r>R) (4.124) 

A spherical surface of radius r less than R will contain no charges, 
owing to which for r< R we get Æ (r) = 0. 

Thus, there is no field inside a spherical surface whose charge 
has a constant surface density o. Outside this surface, the field 
is identical with that of a point charge of the same magnitude at the 
centre of the sphere. 

Using the superposition principle, it is easy to show that. the 
field of two concentric spherical surfaces (a spherical capacitor) 
carrying charges +g and —g that are identical in magnitude and 
opposite in sign is concentrated in the gap between the surfaces, 
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the magouy of the field strength in the gap being determined by 
Eq. (4.124). 

Field of a Volume-Charged Sphere. Assume that a sphere of radius 
R has a charge with a constant volume density p. The field in this 
case has central symmetry. It is easy to see that the same result 
is obtained for the field outside the sphere [see Eq. (4.124)] as for 
a sphere with a surface charge. The result will be different for points 
inside the sphere, however. A spherical surface of radius r (r< R) 


contains a charge equal to p- Far Therefore, Gauss’s theorem for 
such a surface will be written as follows: 


E(r) fnrt— piar 


Hence, substituting a] (far) for p, we get 


4 
Ane, 


Thus, the field strength inside a sphere grows linearly with’ the 
distance r from the centre of the sphere. Outside the sphere, the 
field strength diminishes according to the same law as for the field 
of a point charge. 


E (r)= 


arr) (r<R) (1.425) 


CHAPTER 2 ELECTRIC FIELD 
IN DIELECTRICS 


2.4. Polar and Non-Polar Molecules 


Dielectrics (or insulators) are defined as substances not capable 
of conducting an electric current. Ideal insulators do not exist in 
nature. All substances, even if to a negligible extent, conduct an 
electric current. But substances called conductors conduct a cur- 
rent from 10" to 10% times better than substances called dielectrics. 

If a dielectric is introduced into an electric field, then the field 
and the dielectric itself undergo appreciable changes. To understand 
why this happens, we must take into account that atoms and mole- 
cules contain positively charged nuclei and negatively charged 
electrons. 

A molecule is a system with a total charge of zero. The linear 
dimensions of this system are very small, of the order of a few ang- 
stroms (the angstrom—A—is a unit of length equal to 10-!° m that 
is very convenient in atomic physics). We established in Sec. 1.10 
that the field set up by such a system is determined by the magnitude 
and orientation of the dipole electric moment 


p= Dar (2:1) 
(summation is, performed both over the electrons and over the 
nuclei), True, the electrons in a molecule are in motion, so that 
this moment constantly changes. The velocities of the electrons 
are, so high, however, that the mean value of the moment (2.4) is 
detected in practice. For this reason in the following by the dipole 
moment of a molecule, we shall mean the quantity 


BS >a (r) (2.2) 


(for nuclei, r; is simply taken as (r;) in this sum). In other words, 
we shall consider that the electrons are at rest relative to the nuclei 
at certain points obtained by averaging the positions of the electrons 
in time. 

The behaviour of a molecule in an external electric field is also 
determined by its dipole moment. We can verify this by calculating 
the potential energy of a molecule in an external electric field. 
Selecting the origin of coordinates inside the molecule and taking 
advantage of the smallness of (r;), let us write the potential at the 
point where the i-th charge is in the form 


qi = p + Vp lr) 
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where 9 is the potential at the origin of coordinates [see Eq. (1.69)]. 
Hence, 

We= Due = Da (9+ Vo: w) =9 Da + Ve Da w) 
Taking into account that Jq; = 0 and substituting —E for Vo, 
we get 

Wp = —E Ñiqi (rı) = —pE = —pE cosa 
Differentiating this expression with respect to a, we get Eq. (1.57) 
for the rotational moment; differentiating with Tespect to z, we 
arrive at the force (1.62). 

Thus, a molecule is equivalent to a dipole both with respect to 
the field it sets up and with respect to the forces it experiences 
in an external field. The positive charge of this dipole equals the 
total charge of the nuclei and is at the “centre of gravity” of the 
positive charges; the negative charge equals the total charge of the 
electrons and is at the “centre of gravity” of the negative charges. 

In symmetrical molecules (such as Ha, 0., N 2), the centres of 
gravity of the positive and negative charges coincide in the absence 
of an external electric field. Such molecules have no intrinsic dipole 
moment and are called non-polar. In asymmetrical molecules (such 
as CO, NH, HCl), the centres of gravity of the charges. of opposite 
signs are displaced relative to each other. In this case, the mole- 
cules have an intrinsic dipole moment and are called polar. 

Under the action of an external electric field; the charges in 
a non-polar molecule become displaced relative to one another, 
the positive ones in the direction of the field, the negative ones 
against the field. As a result, the molecule acquires a dipole moment 
whose magnitude, as shown by experiments, is proportional to the 
field strength. In the rationalized system, the constant of proportion- 
ality is written in the form eof, where e, is the electric constant, 
and ĵ is a quantity called the polarizability of a molecule. Since 
the directions of p and E coincide, we can write that 

P = BeE 2.3) 
The dipole moment has a dimension of [q] L. By Eq. (4.15), the 
dimension of e,E is [q] L-*. Hence, the polarizability of a molecule f 
has the dimension L’, 

The process of polarization of a non-polar molecule proceeds as 
if the positive and negative charges of the molecule were bound to 
one another by elastic forces. A non-polar molecule is therefore said 
to behave in an external field like an elastic dipole. 

The action of an external field on a polar molecule consists mainly 
in tending to rotate the molecule so that its dipole moment is ar- 
ranged in the direction of the field. An external field does not virtu- 
ally affect the magnitude of a dipole moment. Consequently, a 
polar molecule behaves in an external field like a rigid dipole. 
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2.2. Polarization of Dielectrics 


In the absence of an external electric field, the dipole moments 
of the molecules of a dielectric usually either equal zero (non-polar 
molecules) or are distributed in space by directions chaotically 
(polar molecules). In both cases, the total dipole moment of a dielec- 
tric equals zero*. 

A dielectric becomes polarized under the action of an external 
field. This signifies that the resultant dipole moment of the dielectric 
becomes other than zero. It is quite natural to take the dipole mo- 
ment of a unit volume as the quantity characterizing the degree of 
polarization. If the field or the dielectric (or both) are not homoge- 
neous, the degrees of polarization at different points of the dielectric 
will differ. To characterize the polarization at a given point, we 
must separate an infinitely small (physically) volume AV containing 
this point, find the sum >) p of the moments of the molecules 


av 
confined in this volume, and take the ratio 


(2.4) 


The vector quantity P defined by Eq. (2.4) is called the polarization 


of a dielectric. 

The dipole moment p has the dimension [g] L. Consequently, 
the dimension of P is [g] L~, i.e. it coincides with the dimension 
of £E [see Eq. (4.15)]. Bion : 

The polarization of isotropic dielectrics of any kind is associated 
with the field strength at the same point by the simple relation 


P = yeoE (2.5) 
where % is a quantity independent of E called the electric suscep- 


tibility of a dielectric**. It was indicated above that the dimensions 
of P and sE are identical. Hence, % is a dimensionless quantity. 


* In Sec. 2.9, we shall acquaint ourselves with substances that can have a 


dipole moment in the absence of an external field. j 
** In anisotropic dielectrics, the directions of P and E, generally speaking. 
do not coincide. In this case, the relation between P and E is described by the 


equations 

Pg= eo (XxxE x+ XzyEy + 2222) 

Py = £ (XyxE x+ XuyEy + XyzE2) 

Pz=8 (XzxE x+ Xzy Eyt Xa2E 2) 
The combination of the nine quantities y;, forms a symmetrical tensor of rank 
two called the tensor of the dielectric susceptibility compare with Eqs. (5.30) 
of Vol. I, p. 147]. This tensor characterizes the electrical properties of an aniso- 
tropic dielectric. 
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In the Gaussian system of units, Eq. (2.5) has the form 
P= xE (2.6) 
For dielectrics built of non-polar molecules, Eq. (2.5) issues from 
the following simple considerations. The volume AV contains 
a number of molecules equal to nAV, where n.is the number of 


molecules per unit volume. Each of the moments p is determined 
in this case by Eq. (2.3). Hence, 


> p=nAV pe E 
av 


Dividing this expression by AV, we get the ‘polarization P = 
= pek, Finally, introducing the symbol y = nf, we arrive at 
Eq. (2.5). 

For dielectrics built of polar molecules, the orienting action of the 
external field is counteracted by the thermal motion of the mole- 
cules tending to scatter their dipole moments in all directions. As 
a result, a certain preferred orientation of the dipole moments of 
the molecules sets in in the direction of the field. The relevant 
statistical calculations, which agree with experimental data, show 
that the polarization is proportional to the field strength, i.e. leads 
to Eq. (2.5). The electric susceptibility of such dielectrics varies 
inversely with the absolute’ temperature. 

In ionic crystals, the separate molecules lose their individuality. 
An entire crystal is, as it were, a single giant molecule. The lattice 
of an ionic crystal can be considered as two lattices inserted into 
each other, one of which is formed by the positive, and the other 
by the negative ions, When an ‘external field acts on the crystal 
ions, both lattices are displaced relative to each other, which leads 
to polarization of the dielectric. The polarization in this case too is 
associated with the field strength by Eq. (2.5). We must note that 
the linear relation between E and P described by Eq. (2.5) may be 
applied only to not too strong fields [a similar remark relates to 
Eq. (2.3)]. 


2.3. The Field Inside a Dielectric 


The charges in the molecules of a dielectric are called bound. 
The action of a field can only cause bound charges to be displaced 
slightly from their equilibrium positions; they cannot leave the 
molecule containing them. 

Following the example of L. Landau and E. Lifshitz*, we shall 
call charges that, although they are within the boundaries of a di- 


* See L. D. Landau and E. M. Lifshitz. Elektrodinamika sploshnykh sred 
(Electrodynamics of Continuous Media). Moscow, Gostekhizdat (1957), p. 57- 
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electric, are not inside its molecules, and also charges outside a di- 
electric, extraneous ones*, 

The field in a: dielectric is the superposition of the field Eesxtr 
produced by the extraneous charges, and the field Epouna of the 
bound charges. The resultant field is called microscopic- (or true): 


E micro = Eor + Ebouna (2.7) 


The microscopic field changes greatly within the limits of the 
intermolecular distances. Owing to the motion of the bound charges, 
the field Emjero also changes with time. These changes are not detect- 
ed in a macroscopic- consideration. Therefore, a field is characterized 
by the quantity (2.7) averaged over an infinitely small (physically) 
volume, i.e. 


E = (Enero) = (Eextr)=+ (Enound) 


In the following, we shall designate the averaged field of the 
extraneous charges’ by E,, and the averaged field of the bound 
charges by E’. Accordingly, we shall define a macroscopic field as 
the quantity 


js pL Of (2.8) 


The polarization P is a macroscopic quantity: Therefore, E in 
Eq. (2.5) should be: understood as the strength determined by 
Eq. (2.8). 

In the absence of dielectrics (i.e. in a “vacuum”), the macroscopic 
field is 


E= E, = (Eextr) 


It is exactly this quantity that is understood to be E in Eq. (1.117). 

If the extraneous charges are stationary, the field determined by 
Eq. (2.8) has the same properties as an electrostatic field in a vac- 
uum. In particular, it can be characterized with the aid of the 
porom na @ related to the field strength (2.8) by Eqs. (1.41) and 
(1.45). 


2.4. Space and Surface Bound Charges 


When a dielectric is not polarized, the volume density p' and 
the surface density o’ of the bound charges equal zero. Polarization 
causes the surface density, and in some cases also the volume density 
of the bound charges to become different from zero. 


* It is customary practice to call such charges free. This name is extremely 
unsuccessful, however, because in a number of cases extraneous charges are not 
at all free. 


5—7796 
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Figure 2.1 shows schematically a polarized dielectric with non- 
polar (a) and polar (b) molecules. Inspection of the figure shows 
that the polarization is attended by the appearance of a surplus of 


Fig. 2.4 


bound charges of one sign in the thin surface layer of the dielectric. 
If the normal component of the field strength E for the given section 
of the surface is other than zero, then under the action of the field, 
charges of one sign will move away inward, 
and of the other sign will emerge. 
There is a simple relation between the 
polarization P and the surface density of 
the bound charges o’. To find it, let us 
consider an infinite plane-parallel plate 
of a homogeneous dielectric placed in 
a homogeneous electric field (Fig. 2.2). 
Let us mentally separate an elementary 
volume in the plate in the form of a very 
thin cylinder with generatrices parallel to 
E in the dielectric, and with bases of area 
AS coinciding with the surfaces of the 
plate. The magnitude of this volume is 


AV = IAS cos a 
where / = distance between the bases of the cylinder 
œ = angle between the vector E and an outward normal to 


the positively charged surface of the dielectric. 
The volume AV has a dipole electric moment of the magnitude 


PAV = PIAS cosa 
(P is the magnitude of the polarization). 
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From the macroscopic viewpoint, the volume being considered 
is equivalent to a dipole formed by the charges +0'AS and —o' AS 
with a spacing of l. Therefore, its electric moment can be written 
in the form o’ ASI. Equating the two expressions for the electric 
moment, we get 

PIAS cosa = o' ASL 


Hence we get the required relation between o’ and P: 
o =P cosa =P, (2.9) 


where P, is the projection of the polarization onto an outward 
normal to the relevant surface. For the right-hand surface in Fig. 2.2, 
we have P, œQ, accordingly, o’ for it is 
positive; for the left-hand surface P, < 0, 
accordingly, o’ for it is negative. 

Expressing P through x and E by means 
of Eq. (2.5), we arrive at the formula 


0 = XE, (2.10) 


where E,, is the normal component of the 
field strength inside the dielectric. According 
to Eq. (2.10), at the places where the field Fig. 2.3 

lines emerge from the dielectric (En >0), 

positive bound charges come up to the surface, while where the field 
lines enter the dielectric (E, < 0), negative surface charges appear. 

Equations (2.9) and (2.10) also hold in the most general case when 
an inhomogeneous dielectric of an arbitrary shape is in an inhomo- 
geneous electric field. By Pa and E, in this case, we must understand 
the normal component of the relevant vector taken in direct proxim- 
ity to the surface element for which o’ is being determined. 

Now let us turn to finding the volume density of the bound charges 
appearing inside an inhomogeneous dielectric. Let us consider an 
imaginary small area AS (Fig. 2.3) in an inhomogeneous isotropic 
dielectric with non-polar molecules. Assume that a unit volume 
of the dielectric has n identical particles with a charge of +e and n 
identical particles with a charge of —e. In close proximity to area 
AS, the electric field and the dielectric can be considered homo- 
geneous. Therefore, when the field is switched on, all the positive 
charges near AS will be displaced over the same distance J, in the 
direction of E, and all the negative charges will be displaced in 
the opposite direction over the same distance 1, (see Fig. 2.3). A cer- 
tain number of charges of one sign (positive if a < n/2 and negative 
if æ >x/2) will pass through area AS in the direction of a normal 
to it, and a certain number of charges of the opposite sign (negative 
if a < n/2 and positive if a >z/2) in the direction opposite to n. 
Area AS will be intersected by all the charges +e that were at 
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a distance of not over 1, cos æ from it before the field was switched 
on, i.e. by all the +e’s in an oblique cylinder of volume LAS cos a. 
The number of these charges is nl,AS cos æ, while the charge they 
carry in the direction of a normal to the area is enl,AS cos a (when 
a > n/2, the charge carried in the direction of the normal as a result 
of displacement of the charges +e will be negative). Similarly, area 
AS will be intersected by all the charges —e in the volume 1,AS cos a. 
These charges will carry a charge of enl,AS cos & in the direction 
of a normal to the area (inspection of Fig. 2.3 shows that when 
a< 2/2, the charges —e will carry the charge —enl,AS cos a 
through AS in the direction opposite to n, which is equivalent 
to carrying the charge enl,AS cosa in the direction of n). 
Thus, when the field is switched on, the charge 


Aq’ = enl, AS cosa + enl, AS cosa =en (i, + 1.) AS cos a 


is carried through area AS’ in the direction of a normal to it. The 
sum 1, + l, is the distance 1 over which the positive and negative 
bound charges are displaced toward one another in the dielectric. 
As a result of this displacement, each pair of charges acquires the 
dipole moment p = el = e (1, + 1,). The number of such pairs in 
a unit volume is n. Consequently, the’ product e (J, +l) n = 
= eln = pn gives the magnitude of the polarization P. Thus, the 
charge passing through area AS in the direction of a normal to it 
when the field is switched on is [see Eq. (2.9)] 
Aq’ = PAS cos a 

Since the dielectric is isotropic,’the directions of the vectors E 
and P coincide (see Fig. 2.3). Consequently, ‘a is the angle between 
the vectors P and n, and in this connection we can write 

Aq’ = PnAS 
Passing over from deltas to differentials, we get 
dq =PndS = Pds 

We have found the bound charge dq’ that passes through elementary 
area dS in the direction of a normal to it when the field is switched 
on; P is the polarization set up under the action of the field at the 


location of area dS. 
Let us imagine closed surface S inside the dielectric. When. the 


field is switched on, a bound charge g' will intersect this surface and 
emerge from it. This charge is 


dem = 9 da’ = Q Pas 
S 8 


(we have agreed to take the outward normal to area dS for closed 
surfaces). As a result, a surplus bound charge will appear in the 
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volume enclosed by surface S. Its value is 
dour = — Gem = — | PdS= = Op (2.44) 
s 


(®p is the flux of the vector P through surface $). 


vP<0 
pro 


t vP>0 


At point 1 a 


At panta 


Fig. 2.4 


Introducing the volume density of the bound charges p’, we can 
write 


(the integral is taken over the volume enclosed by surface S). We 
thus arrive at the formula 


Se dv=—QPas 
8 


Let us transform the surface integral according to the Ostrogradsky- 
Gauss theorem [see Eq. (1.108)]. The result is 


f av= VP aV 
v 
This equation must be observed for any arbitrarily chosen vol- 
ume V. This is possible only if the following equation is observed 
at every point of the dielectric: 

p = —vP (2.12) 


Consequently, the density of bound charges equals the divergence 
of the polarization P taken with the opposite sign. = 

We obtained Eg. (2.12) when considering a dielectric with non- 
polar molecules. This equation also holds, however, for dielectrics 
with polar molecules: i 4 ; ; 

Equation (2.12) can be given a graphical interpretation. Points 
with a positive VP are sources of the field of the vector P, and the 
lines of P diverge from them (Fig. 2.4). Points with a negative VP 
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are sinks of the field of the vector P, and the lines of P converge 
at them. In polarization of the dielectric, the positive bound charges 
are displaced in the direction of the vector P, i.e. in the direction of 
the lines P; the negative bound charges are displaced in the opposite 
direction (in the figure the bound charges belonging to separate 
molecules are encircled by ovals). As a result, a surplus of negative 
bound charges is formed at places with a positive VP, and a surplus 
of positive bound charges at places with a negative VP. 

Bound charges differ from extraneous ones only in that they can- 
hot leave the confines of the molecules which they are in. Otherwise, 
they have the same properties as all other charges. In particular, 
they are sources of an electric field. Therefore, when the density 
of the bound charges p’ differs from zero, Eq. (1.117) must be written 
in the form 


VE=~-(e +6’) (2.43) 


Here p is the density of the extraneous charges. 
Let us introduce Eq. (2.5) for P into Eq. (2.12) and use Eq. (1.103). 
The result is 


0! = — V (x80E) = — 20V (xE) = — s (EV%+%VE) 


Substituting for VE its value from Eq. (2.13), we arrive at the equa- 
tion 
9’ = — eEVx— xp — x0" 
Hence 
, 1 
P = — qfy (OEVx + x0) (2.14) 
We can see from Eq. (2.14) that the volume density of bound 
charges can differ from zero in two cases: (1) if a dielectric is not 
homogeneous (Vy Æ 0), and (2) if at a given place in a dielectric 
the density of the extraneous charges is other than zero (p = 0). 
When there are no extraneous charges in a dielectric, the volume 
density of the bound charges is 


ae Tz BV (2.15) 


2.5. Electric Displacement Vector 


We noted in the preceding section that not only extraneous, but 
also bound charges are sources of a field. Accordingly, 


VE= (p+) (2-16) 
[see Eq. (2.13)]. 
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Equation (2.46) is of virtually no use for finding the vector E 
because it expresses the properties of the unknown quantity E 
through bound charges, which in turn are determined by the unknown 
quantity E [see Eqs. (2.10) and (2.14)]. 

Calculation of the fields is often simplified if we introduce an aux- 
iliařy quantity whose sources are only extraneous charges p. To 
establish what this quantity looks like, let us introduce Eq. (2.12) 
for p’ into Eq. (2.16): 


4 
yeer (p— VP) 


whence it follows that 
V (£E + P) = p (2.17) 
(we have put e, inside the del symbol). The expression in parenthe- 
ses in Eq. (2.17) is the required quantity. It is designated by the 
symbol D and is called the electric displacement (or electric induc- 
tion). 
Thus, the electric displacement is a quantity determined by the 


relation 
D= eE +P (2.18) 
Inserting Eq. (2.5) for P, we get 
D = gE + £XE = eo (1 + x) E (2.19) 
The dimensionless quantity 
e=14% (2.20) 


is called the relative permittivity or simply the permittivity of a me- 
dium*. Thus, Eq. (2.19) can be written in the form 


D = £E (2.21) 


According to Eq. (2.21), the vector D is proportional to the vector E. 
We remind our reader that we are dealing with isotropic dielectrics. 
In anisotropic dielectrics, the vectors E and D, generally speaking, 
are not collinear. pes 
In accordance with Eqs. (1.15) and (2.24), the electric displace- 
ment of the field of a point charge in a vacuum 18 
pelle 2.22) 
Dema (3,22) 
The unit of electric displacement is the coulomb per square 
metre (C/m?). 
Equation (2.17) can be written as 
yD =p (2.23) 
* Th lled absolute permittivity of a medium 2a = e& is introduced in 
electrical engineering, This quantity is deprived of a physical meaning, however, 
and we shall not use it. 
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Integration of this equation over the arbitrary volume V: yields 


J voar = { pav 


Let us transform the left-hand side according to the Ostrogradsky- 
Gauss theorem [see Eq. (4.108)): 


$ Das = Jpav (2.24) 
5 v 


The quantity on the left-hand side is @, —the flux of the vector D 
through closed surface S, while that on the right-hand side is the 
sum of the extraneous charges >). 4; enclosed by this surface. Hence, 
Eq. (2.24) can be written in the form 


©, Shey, (2.25) 


Equations (2.24) and (2.25) express Gauss’s theorem for. the vec- 
tor D: the fluz of the electric displacement through a closed surface 
seus the algebraic sum of. the extraneous charges enclosed by this 
Surface. 

In a vacuum, P = 0, so that the quantity D determined by 
Eq. (2.18) transforms into e,E, and Eqs. (2.24) and (2.25) transform 
into Eqs. (1.116) and (1.114). 

The unit of the flux of the electric displacement vector is the 
coulomb. By Eq. (2.25), a charge of 1 C sets up a displacement flux 
of 1 C, through the surface surrounding it. i 

The field of the vector D can be depicted with the aid of electric 
displacement lines (we shall call them displacement lines for brevi- 
ty’s sake). Their direction and density are determined in exactly 
the same way as for the lines of the vector E (see Sec. 4.5). The lines 
of the vector E can begin and terminate at both extraneous and 
bound charges. The sources of the field of the vector D are only 
extraneous charges. Hence, displacement lines can begin or termi- 
nate only at extraneous charges. These lines pass without interrup- 
tion through points at which bound charges are placed. 

The electric induction* in the Gaussian system is determined 
by the expression 


D =E + 4nP (2.26) 
Substituting for P in this equation its value from Eq. (2.6), we get 
D = (1.4 4ny) E (2.27) 

The quantity 
e=1-+ 4ny (2.28) 


* The term “electric displacement” is not applied to quantity (2.27). 
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is called the permittivity. Introducing this quantity into Eq. (2.27) 
we get 
D = Æ (2.29) 


In the Gaussian system, the electric induction in a vacuum coin- 
cides with the field strength E. Consequently, the electric induction 
of the field of a point charge in a vacuum is determined by Eq. (1.16). 

By Eq. (2.22), the electric displacement set up by a charge of 1 C 
at a distance of 4 m is 


Eaa el i 2 
Dana Te te OF 
In the Gaussian system, the electric induction in this case is 


D=—= axe =3 x 108 cgsep 


Thus, ` 
1 C/m?=4n x 3 x 10° cgsep 


In the Gaussian system, the expressions of Gauss’s theorem 
have the form 


$ Das— an | pay (2.30) 
5 


O,=40 Y qi (2.31) 


According to Eq. (2.31),.a charge of 1 C sets up a flux of the electric 
induction vector of 4ng =4n X 3 x 10° cgseg,. The following 
relation thus exists between the units of flux of the vector D: 


4C=4nx 3 x 10° cgseo,, 


2.6. Examples of Calculating the Field 
in Dielectrics 


We shall consider several examples of fields in dielectrics to 
reveal the meaning of the quantities D and e. í 

Field Inside a Flat Plate. Let us consider two infinite parallel 
oppositely charged planes. Let the field they produce in a vacuum 
be characterized by the strength E, and the displacement Dy = 
= e,E,. Let us introduce into this field a plate of a homogeneous 
isotropic dielectric and arrange it as shown in Fig. 2.5. The dielectric 
becomes polarized under the action of the field, and bound charges 
of density o’ will appear on its surfaces. These charges will set up 
a homogeneous field inside the plate whose strength by Eg. (1.121) 
is Z’ = o'/eẹ. In the given case, E’ = 0 outside the dielectric. 
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The field strength E, is o/e,. Both fields are directed toward each 
other, hence inside the dielectric we have 


E=Ey—E'=E,— =4 0-0’) (2.32) 


Outside the dielectric, Æ = Ep. 
The polarization of the dielectric is due to field (2.32). The latter 
is perpendicular to the surfaces of the plate. Hence, En = E, and 
in accordance with Eq. (2.10), 0’ = ye,Z. 


+6 -Ø Using this value in Eq. (2.32), we get 
E=E,—yE 
whence 
=" Eo 
= Tx == (2.33) 


Thus, in the given case, the permittivity e 
shows how many times the field in a di- 
electric weakens. 
Multiplying Eq. (2.33) by e,e, we get the 
electric displacement inside the plate: 
D = eek = eE = Dy (2.34) 


Hence, the electric displacement inside the 
plate coincides with that of the external 
field Do. Substituting o/e, for Ey in Eq. (2.34), 
we find 


+e tree trertrertet 


D= (2.35) 
To find o’, let us express Æ and E, in Eq. (2.33) through the charge 
densities: 
1 ' o 
TA 
whence 


Se S (2.36) 


Figure 2.5 has been drawn assuming that e = 3. Accordingly, the 
density of the field lines in the dielectric is one-third of that outside 
the plate. The lines are equally spaced because the field is homogene- 
ous. In the given case, o’ can be found without resorting to Eq. (2.36). 
Indeed, since the field intensity inside the plate is one-third of that 
outside it, then of three field lines beginning (or terminating) on 
extraneous charges, two must terminate (or begin respectively) on 
bound charges. It thus follows that the density of the bound charges 
must be two-thirds that of the extraneous charges. 

In the Gaussian system, the field strength EZ’ produced by the 
bound charges o’ is 4no’. Therefore, Eq. (2.32) becomes 


E=E,— E' =E,—4n0' (2.37) 
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The surface density o’ is associated with the field strength Æ by the 
equation o’ = y£,. We can thus write that 


E = E, — 4nyE 
whence 
E E 
eee. 


Thus, the permittivity e, like its counterpart e in the SI, shows how 
many times the field inside a dielectric weakens. Therefore, the 


Fig. 2.6 


values of e in the SI and the Gaussian system coincide. Hence, taking 
into account Eqs. (2.20) and (2.28), we conclude that the susceptibil- 
ities in the Gaussian system (ys) and in the SI (ys;) differ from 
each other by the factor 4m: 


XSI = 4Xes (2.38) 


Field Inside a Spherical Layer. Let us surround a charged sphere 
of radius R with a concentric spherical layer of a homogeneous iso- 
tropic dielectric (Fig. 2.6). The bound charge q; distributed with the 
density o; will appear om the internal surface of the layer (q; = 
= 4nR'o'), and the charge q, distributed with the density o, will 
appear on its external surface (q, = 4% R30). The sign of the charge q, 
coincides with that of the charge q of the sphere, while g; has the 
opposite sign. The charges q; and q, set up a field at a distance r 
exceeding R, and R, respectively, that coincides with the field of 
a point charge of the same magnitude [see Eq. (1.124)]. ‘The charges 
qi and g; produce no field inside the surfaces over which they are 
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distributed. Hence, the field strength E’ inside a dielectric is 
pent a arto S Rho 
4ne, ra Ame n boa r 
and is opposite.in direction to the field strength Ep. The resultant 
field in a dielectric is 


E(r\= E B’= E E (2.39) 


It diminishes in proportion to 1/r?. We can a state that 


E (R. 3 
ao =g be B(R)=E (1) Fe 
where E (R,) is the field strength in a dielectric in direct proximity 
to the internal surface of the layer. It is exactly this strength that 
determines the quantity oj: 


= yen (R,) = ‘ed (r) Fr (2.40) 


(at each point of the surface | En 

Introducing Eq. (2.40) into Eq. zR 39); we get 

E= eS gH (r) 

From this equation, we find that inside a dielectric Æ = E)/e, and, 
consequently, D = £E, [compare with Eqs. (2.33) and (2.34)]. 

The field inside a dielectric changes in proportion to 1/r?. There- 
fore, the relation o; : o, = R}: R? holds. Hence it follows that q; = q,- 
Consequently, the fields set 1 up by these charges at distances exceed- 
ing Ryu mutually destroy each other so that outside the spherical lay- 
er E' =O and EF = iE. 

Assuming that A, = R and R, = œ, we arrive at the case of 
a charged sphere immersed in an infinite ‘homogeneous and isotropic 
dielectric. The field strength outside such a sphere is 


t i 
e= (2.41) 


The strength of the field set up in an infinite dielectric by a point 
charge will be the same. 

Both examples considered above are characterized by the fact 
that the dielectric was homogeneous and isotropic, and the surfaces 
enclosing it coincided with the equipotential surfaces of the field of 
extraneous charges. The result we have obtained in these cases is 
a general one. If a homogeneous and isotropic dielectric: completely fills 
the volume enclosed by equipotential surfaces of the field of extraneous 
charges, then the electric displacement vector coincides with the vector 
of the field strength of the extraneous. charges multiplied by `€ and, 
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therefore, the field strength inside the dielectric is 1/e of that of the 
field strength of the extraneous charges. 

If the above conditions are not observed, the vectors D and e)E do 
not coincide. Figure 2.7 shows the field in the plate of a dielectric. 
The plate is skewed relative to the planes carrying extraneous charges. 
The vector E’ is perpendicular to ‘the faces of the plate, therefore 


Fig. 2.7 Fig. 2.8 


E and E, are not collinear. The vector D is directed the same as E, 
consequently D and £E, do not coincide in direction. We can show 
that they also fail to coincide in magnitude. 

In the examples considered above owing to the specially selected 
shape of the dielectric, the field E’ differed from zero only inside the 
dielectric. In the general case, E’ may differ from zero outside the 
dielectric too. Let us place a rod made of a dielectric into an initial- 
ly homogeneous field (Fig. 2.8). Owing to polarization, bound charges 
of opposite signs are formed on the ends of the rod. Their field 
outside the rod is equivalent to the field of a dipole (the lines of E’ 
are dash ones in the figure). It is easy to see that the resultant field E 
near the ends of the rod is greater than the field Ep. 


2.7. Conditions.on the Interface Between 
Two Dielectrics 

Near the interface between two dielectrics, the vectors E and D 
must comply with definite boundary conditions following from the 
relations (1.112) and (2.23): 

[vVE]=0, vD= 

Let us consider the interface between two dielectrics’ with the 

permittivities e, and gą (Fig. 2.9). We choose an arbitrarily direct- 
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ed z-axis on this surface. We take a small rectangular contour of 
length a and width b that is partly in the first dielectric and partly 
in the second one. The z-axis passes through the middle of the 
sides b. 

Assume that a field has been set up in the first dielectric whose 
strength is E,, and in the second one whose strength is E,. Since 
[VE] = 0, the circulation of the vector E around the contour we 


Fig. 2.9 Fig. 2.410 


have chosen must equal zero [see Eq. (4.110)]. With small dimensions 
of the contour and the direction of circumvention shown in Fig. 2.9, 
the circulation of the vector E can be written in the form 


§ Ey dl= Ey, sa— Ep, sa + (By) 2 (2.42) 


where (E+) is the mean value of Æ; on sections of the contour perpen- 
dicular to the interface. Equating this expression to zero, we arrive 
at the equation 
(Ez, x— Ey, x) a = (Ep) 2b 
In the limit, when the width b of the contour tends to zero, we get 
E, x= Ey, x (2.43) 


The values of the projections of the vectors E, and E, onto the z-axis 
are taken in direct proximity to the interface between the boundary 
of the dielectrics. 

Equation (2.43) is obeyed when the z-axis is selected arbitrarily. 
It is only essential that this axis be in the plane of the interface 
between the dielectrics. Inspection of Eq. (2.43) shows that with 
such a selection of the z-axis when E, , = 0, the projection of E,x 
will also equal zero. This signifies that the vectors E, and E, at two 
close points taken at opposite sides of the interface are in the same 
plane as a normal to the interface. Let us represent each of the vectors 
E, and E, in the form of the sum of the normal and tangential com- 
ponents: 

E,=E,,+E, 3 E,=E,,,+E,,; 
In accordance with Eq. (2.43) 
Ey =E, x (2.44) 
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Here E; « is the projection of the vector E; onto the unit vector t 
directed along the line of intersection of the dielectric interface with 
the plane containing the vectors E, and Ey. 

Substituting in accordance with Eq. (2.21) the projections of the 
vector D divided by eoe for the projections of the vector E, we get 
the proportion 

Dye Daz 


€081 Sols 
whence it follows that 
Pues fe 
Doe (2.45) 


Now let us take an imaginary cylindrical surface of height A on the 
interface between the dielectrics (Fig. 2.10). Base S, is in the first 
dielectric, and base S, in the second. Both bases are identical in size 
(Sı = S, = S) and are so small that within the limits of each of 
them the field may be considered homogeneous. Let us apply Gauss’s 
theorem [see Eq. (2.25)] to this surface. If there are no extraneous 
charges on the interface between the dielectrics, the right-hand side 
in Eq. (2.25) equals zero. Hence, Dp = 0. 

The flux through base S, is D,,,5, where D,, is the projection of 
the vector D in the first dielectric onto the normal n,. Similarly, the 
flux through base S, is DanS, where Dan is the projection of the 
vector D in the second dielectric onto the normal nq, The flux through 
the side surface can be written in the form (D,,)Sgae, where (Dn) is 
the value of D,, averaged over the entire side surface, and Ss:de is the 
magnitude of this surface. We can thus write that 

Op = Dy, nS + Do, nS + (Dn) Ssrae= 0 (2.46) 

If the altitude h of the cylinder is made to tend to zero, then Ssıde 
will also tend to zero. Hence, in the limit, we get 

Di, n= — Do, n 
Here D; „ is the projection onto n; of the vector D in the i-th dielec- 
tric in direct proximity to its interface with the other dielectric. 
The signs of the projections are different because the normals: n, 
and n, to the bases of the cylinder have opposite directions, If we 
project D, and D, onto the same normal, we get the condition 

Dees ey (2.47) 

Using Eq. (2.24) to replace the projections of D with the corre- 
sponding projections of the vector E multiplied by ££, we get the 
relation 

£98 Ey n= &o€ 2M, n 
whence 
Enni (2.48) 


Es, n ey 
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The results we have obtained signify that when passing through the 
interface between two dielectrics, the normal component of the vector 
D and the tangential component of the vector E change continu- 
ously. The tangential component of the vector D and the normal’ 
component of the vector E, however, are disrupted when passing 
through the interface. 

Equations (2.44), (2.45), (2.47), and (2.48) determine the condi- 
tions which the vectors E and D must comply with on the interface 
between two dielectrics (if there are no extraneous charges on this 


Fig, 2.14 Fig. 2.12 


interface). We have obtained these equations for an electrostatic 
field. They also hold, however, for fields varying with time (see 
Sec. 16.3). 

The conditions we have found also hold for the interface between 
a dielectric and a vacuum. In this case, one of the permittivities must 
be taken equal to unity. 

We must note that condition (2.47) can be obtained on the basis 
of the fact that the displacement lines pass through the interface 
between two dielectrics without being interrupted (Fig. 2.11). Accord- 
ing to the rule for drawing these lines, the number of lines arriving 
at area AS from the first dielectric is DAS, = D,AS cos a,. Simi- 
larly, the number of lines emerging from area AS into the second 
dielectric is D,AS, = DAS cos az. If the lines are not interrupted 
at the interface, both these numbers must be the same: 


D,AS cos a = DAS cos a, 


Cancelling AS and taking into account that the product D cos a gives 
the value of the normal component of the vector D, we arrive at con- 
dition (2.47). 
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The displacement lines are bent (refracted) on the interface be- 
tween dielectrics, owing to which the angle a between a normal to 
the interface and the line D changes. Inspection of Fig: 2.12 shows 
that 


A Dix, Da. 
tan a, : tana, = Den pee 


whence with account taken of Eqs. (2.45) and (2.47), we get the law 
of displacement line refraction: 


wa 2 Sa (2.49) 


W hen displacement lines pass into a dielectric with a lower permittiv- 
ity e, the angle made by them with a normal diminishes, hence, the 
lines are spaced farther apart; when the lines pass into a dielectric 
with a higher permittivity e, on the contrary, they become closer 
together. 


2.8. Forces Acting on a Charge 
in a Dielectric 


If we introduce into an electric field in a vacuum a charged body of 
such small dimensions that the external field within the body can be 
considered homogeneous, then the body will experience the force 


F = qE (2.50) 


To place a charged body in a field set up in a dielectric, a cavity 
must be made in the latter. In a fluid dielectric, the body itself forms 
the cavity by displacing the dielectric from the volume it occupies. 
The field inside the cavity Ecay will differ from that in a continuous 
dielectric. Thus, we cannot calculate the force exerted on a charged 
body placed in a cavity as the product of the charge q and the field 
strength E in the dielectric before the body was introduced into it. 

When calculating the force acting on a charged body in a fluid 
dielectric, we must take another circumstance into account. Mechani- 
cal tension is set up on the boundary with the body in the dielectric. 
This sets up an additional mechanical force Fren acting on the body. 

Thus, the force acting on a charged body in a dielectric, generally 
speaking, cannot be determined by Eq. (2.50), and it is usually a very 
complicated task to calculate it. These calculations give an interest- 
ing result for a fluid dielectric. The resultant of the electric force 
@F cay and the mechanical force Ften is found to be exactly equal to 
gE, where E is the field strength in the continuous dielectric 


F=qEcav +Ften = 4E (2.51) 


6—7796 
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The strength of the field produced in a homogeneous infinitely 
extending dielectric by a point charge is determined by Eq. (2.49). 
Hence, we get the following expression for the forces of interaction of 
two point charges immersed in a homogeneous infinitely extending 
dielectric: 


Set S192 
ne ors a (2.52) 
This formula expresses Coulomb’s law for charges in a dielectric. 
It holds only for fluid dielectrics. 

Some authors characterize Eq. (2.52) as “the most general expres- 
sion of Coulomb’s law”. In this connection, we shall cite Richard 
P. Feynman: 

“Many older books on electricity start with the ‘fundamental’ 
law that the force between two charges is... [Eq. (2.52) is givenl..., a 
point of view which is thoroughly unsatisfactory. For one thing, it is 
not true in general; it is true only for a world filled with a liquid. 
Secondly, it depends on the fact that e is a constant which is only 
approximately true for most real materials.”* 

We shall not treat questions relating to the forces acting ona 
charge inside a cavity made in a solid dielectric. 


2.9. Ferroelectrics 


There is a group of substances that can have the property of spon- 
taneous polarization in the absence of an external field. They are 
called ferroelectrics. This phenomenon was first discovered for 
Rochelle salt, and the first detailed investigation of the electrical 
properties of this salt was carried out by the Soviet physicists 
I. Kurchatov and P. Kobeko. 

Ferroelectrics differ from the other dielectrics in a number of 
features: 

1. Whereas the permittivity e of ordinary dielectrics is only sever- 
al units, reaching as an exception several scores (for example, for 
water e = 81), the permittivity of ferroelectrics may be of the order 
of several thousands. 

2. The dependence of P on E is not linear (see branch J of the 
curve shown in Fig. 2.13). Hence, the permittivity depends on the 
field strength. 

3. When the field changes, the values of the polarization P (and, 
therefore, of the displacement D too) lag behind the field strength Æ. 
As a result, P and D are determined not only by the value of E at 
the given moment, but also by the preceding values of EZ, i.e. they 


* R.P. Feynman, R. B. Leighton, M. Sands. The Feynman Lectures on Phys- 
ies. Vol. II. Reading, Mass., Addison-Wesley (1965), p. 10-8. 
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depend on the preceding history of the dielectric. This phenomenon is 
called hysteresis (from the Greek word “husterein”— to come late, 
be behind), Upon cyclic changes of the field, the dependence of P 
on Æ follows the curve shown in Fig. 2.13 and called a hysteresis loop. 
When the field is initially switched on, the polarization grows with E 
according to branch 7 of the curve. Diminishing of P takes place 
along branch 2. When E vanishes, the substance retains a value of 
the polarization P, called the residual polariza- 
tion. The polarization vanishes only under the 


the action of an external field, the moments of the domains rotate as 
a single whole, arranging themselves in the direction of the field. 

Every ferroelectric has a temperature at which the substance loses 
its unusual properties and becomes a normal dielectric. This temper- 
ature is called the Curie point. Rochelle salt has two Curie points, 
namely, —15°C and +22.5°C, and it behaves like a ferroelectric only 
in the interval between these two temperatures. Its electrical 
properties are conventional at temperatures below —15°C and 
above +22.5°C. 


6* 


CHAPTER 3 CONDUCTORS IN 
AN ELECTRIC FIELD 


3.4. Equilibrium of Charges 
on a Conductor 


The carriers of a charge in a conductor are capable of moving under 
the action of a vanishingly small force. Therefore, the following 
cong aaa must be observed for the equilibrium of charges on a con- 

uctor: 

1. The strength of the field everywhere inside the conductor must 


be zero: 
E=0 (3.4) 


In accordance with Eq. (1.41), this signifies that the potential inside 
the conductor must be constant (p = const). 

2. The strength of the field on the surface of the conductor must be 
directed along a normal to the surface at every point: 


E=E, (3.2) 


Consequently, when the charges are in equilibrium, the surface of 
the conductor will be an equipotential one. 

If a charge gisimparted to a conducting body, the charge will be 
distributed so as to observe conditions of equilibrium. Let us imag- 
ine an arbitrary closed surface completely confined in a body. When 
the charges are in equilibrium, there is no field at every point inside 
the conductor; therefore the flux of the electric displacement vector 
through the surface vanishes. According to Gauss’s theorem, the sum 
of the charges inside the surface will also equal zero. This holds for 
a surface of any dimensions arbitrarily arranged inside a conductor. 
Hence, in equilibrium, there can be no surplus charges anywhere 
inside a conductor—they will all be distributed over the surface of 
the conductor with a certain density o. 

Since there are no surplus charges in a conductor in the state of 
equilibrium, the removal of substance from a volume taken inside 
the conductor will have no effect whatsoever on the equilibrium ar- 
rangement of the charges. Thus, a surplus charge will be distributed 
on a hollow conductor in the same way as on a solid one, i.e. along its 
external surface. No surplus charges can be located on the surface of 
a cavity in the state of equilibrium. This conclusion also follows from 
the fact that the like elementary charges forming the given charge 7 
mutually repel one another and, consequently, tend to take up 
positions at the farthest distance apart. 
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Imagine a small cylindrical surface formed by normals to the sur- 
face of a conductor and bases of the magnitude dS, one of which is 
inside and the other outside the conductor (Fig. 3.4). The flux of 
the electric displacement vector through the inner 
part of the surface equals zero because E and, E 
consequently, D vanish inside the conductor. n 
Outside the conductor in direct proximity to it, 43 
the field strength E is directed along a normal to 
the surface. Hence, for the side surface of the cyl- 
inder protruding outward, D, = 0, and for the dS 
outside base D, =D (the outside base is as- 
sumed to be very close to the surface of the con- 
ductor). Hence, the displacement flux through 
the surface being considered is D 4S, where Dis 
the value of the displacement in direct proximity to the surface of the 
conductor. The cylinder contains an extraneous charge odS (o is 
the charge density at the given spot on the surface of the conductor). 


Fig. 3.4 


Applying Gauss’s theorem, we get D dS =a 45, i.e. D =o. We thus 
see that the strength of the field near the surface of the conductor is 


Ce 3.3 
Eeg (3.3) 
where e is the permittivity of the medium surrounding the conductor 
[compare with Eq. (1.123) obtained for the case when è = 1], 

Let us consider the field produced by the charged conductor shown 
in Fig. 3.2. At great distances from the conductor, equipotential 
surfaces have the shape of a sphere that is characteristic of a point 
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charge (owing to the lack of space, a spherical surface is shown in 
the figure at a small distance from the conductor; the dash lines are 
field lines). As we approach the conductor, the equipotential surfaces 
become more and more similar to the surface of the conductor, which 
is an equipotential one. Near the projections, the equipotential 
surfaces are denser, hence the field strength is also greater here. It 
thus follows that the density of the charges on the 
projections is especially great [see Eq. (3.3)]. We can 
arrive at the same conclusion by taking into account 
that owing to their mutual repulsion, charges tend to 
take up positions as far as possible from one another. 
Near depressions in a conductor, the equipoten- 
tial surfaces have a lower density (see Fig. 3.3). Ac- 
cordingly, the field strength and the density of the 
charges at these spots will be smaller. In general, the 
density of charges with a given potential of a condiic- 
„tor is determined by the curvature of the surface— 
Fig. 3.3 ìt grows with an increase in the positive curva- 
ture (convexity) and diminishes with an increase in 

the negative curvature (concavity). The density of charges is especi- 
ally high on sharp points, Consequently, the field strength near such 
points may be so great that the gas molecules surrounding the conduc- 
tor become ionized. Ions of the sign opposite to that of q are attract- 
ed to the conductor and neutralize its charge. Ions of the same sign 
as q begin to move away from the conductor, carrying along neutral 
molecules of the gas. The result is a noticeable motion of the gas 
called an electric wind. The charge of the conductor diminishes, it 
flows off the point, as it were, and is carried away’ by the wind. This 
phenomenon is therefore called emanation of a charge from a point. 


3.2. A Conductor in an External 
Electric Field 


When an uncharged conductor is introduced into an electric field, 
the charge carriers come into motion: the positive ones in the direc- 
tion of the vector E, the negative ones in the opposite direction. As 
a result, charges of opposite signs called induced charges appear at 
the ends of the conductor (Fig. 3.4, the dash lines depict the external 
field lines). The field of these charges is directed oppositely to the 
external field. Hence, the accumulation of charges at the ends of 
a conductor leads to weakening of the field in it. The charge carriers 
will be redistributed until conditions (3.1) and (3.2) are observed, 
i.e. until the strength of the field inside the conductor vanishes and 
the field lines outside the conductor are perpendicular to its surface 
(see Fig. 3.4). Thus, a neutral conductor introduced into an electric 
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field disrupts part of the field lines—they terminate on the negative 
induced charges and begin again on the positive ones. 

The induced charges distribute themselves over the outer surface 
of a conductor. If a conductor contains a cavity, then upon equi- 
librium distribution’ of the induced charges, the field inside it van- 
ishes. Electrostatic shielding is based on this phenomenon. If an 


instrument is to be protected from the action of external fields, it is 
surrounded by a conducting screen. The external field is compensated 
inside the screen by the induced charges appearing on its surface. 
Such a screen also functions quite well if it is made not solid, but 
in the form of a dense network. 


3.3. Capacitance 


A charge q imparted to a conductor distributes itself over its 
surface so that the strength of the field inside the conductor van- 
ishes. Such a distribution is the only possible one. Therefore, if we 
impart to a conductor already carrying the charge q another charge 
of the same magnitude, then the second charge must distribute itself 
over the conductor in exactly the same way as the first one. Other- 
wise, the charge will set up in the conductor a field differing from 
zero. We must note that this holds only for a conductor remote from 
other bodies (an isolated conductor). If other bodies are near the 
conductor, the imparting to the latter of a new portion of charge will 
produce either a change in the polarization of these bodies or a change 
in the induced charges on them. As a result, similarity in the dis- 
tribution of different portions of the charge will be violated. 
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Thus, charges differing in magnitude distribute themselves on an 
isolated conductor in a similar way (the ratio of the densities of the 
charge at two arbitrary points on the surface of the conductor with 
any magnitude of the charge will be the same). It thus follows that 
the potential of an isolated conductor is proportional to the charge 
on it. Indeed, an increase in the charge a certain number of times leads 
to an increase in the strength of the field at every point of the space 
surrounding the conductor the same number of times. Accordingly, 
the work needed for transferring a unit charge from infinity to the 
surface of a conductor, i.e. the potential of the conductor, grows the 
same number of times, Thus, for an isolated conductor 


q= Co (3.4) 


The constant of proportionality C between the potential and the 
charge is called the capacitance. From Eq. (3.4), we get 


C= m (3.5) 


In accordance with Eq. (3.5), the capacitance numerically equals the 
charge which when imparted to a conductor increases its potential 
by unity. 

Let us calculate the potential of a charged sphere of radius R. 
The potential difference and the field strength are related by 
Eq. (1.45). We can therefore find the potential of the sphere p by 
integrating Eq. (241) over r from R to oo (we assume that the poten- 
tial at infinity equals zero): 


mee! fa BANDA 
= Tie Jea tne, eR (3.6) 


Comparing Eqs. (3.6) and (3.5), we find that the capacitance of an 
isolated sphere of radius R immersed in a homogeneous infinite 
dielectric of permittivity e is 


C = 4ne,eR (3.7) 


The unit of capacitance is the capacitance of a conductor whose 
potential changes by 4 V when a charge of 1 C is imparted to it. 
This unit of capacitance is called the farad (F). 

In the Gaussian system, the formula for the capacitance of an 
isolated sphere has the form 

C=eR (3.8) 


Since e is a dimensionless quantity, the capacitance determined by 
Eq. (3.8) has the dimension of length. The unit of capacitance is the 
capacitance of an isolated sphere with a radius of 4 cm in a vacuum. 
This unit of capacitance is called the centimetre. According to 
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Eq. (3.5), 


1 3x 10° 
4 F=47= ia cgseg = 9 x 10i! cm (3.9) 


An isolated sphere having a radius of 9 x 40° m, i.e. a radius 
1500 times greater than that of the Earth, would have a capacitance 
of 1 F. We can thus see that the farad is a very great unit. For this 
reason, submultiples of a farad are used in practice—the millifarad: 
(mF), the microfarad (uF), the nanofarad (nF), and the picofarad 
(pF) (see Vol. I, Table 3.4, p. 82). 


3.4. Capacitors 


Isolated conductors have a small capacitance. Even a sphere of 
the Earth’s size has a capacitance of only 700 pF. Devices are needed 
in practice, however, that with a low potential relative to the sur- 
rounding bodies would accumulate charges of an appreciable magni- 
tude (i.e. would have a high charge “capacity”). Such devices, called 
capacitors. are based on the fact that the capacitance of a conductor 
grows when other bodies are brought close to it. This is due to the 
circumstance that under the action of the field set up by the charged 
conductor, induced (on a conductor) or bound (on a dielectric) char- 
ges appear on the body brought up to it. Charges of the sign opposite 
to that of the charge q of the conductor will be closer to the conductor 
than charges of the same sign as g and, consequently, will have a 
greater influence on its potential. Therefore, when a body is brought 
close to a charged conductor, the potential of the latter diminishes in 
absolute value. According to Eq. (3.5), this signifies an increase in 
the capacitance of the conductor. 

Capacitors are made in the form of two conductors placed close to 
each other. The conductors forming a capacitor are called its plates. 
To prevent external bodies from influencing the capacitance of 
a capacitor, the plates are shaped and arranged relative to each other 
so that the field set up by the charges accumulating on them is con- 
centrated inside the capacitor. This condition is satisfied (see 
Sec. 1.14) by two plates arranged close to each other, two coaxial 
cylinders, and two concentric spheres. Accordingly, parallel-plate 
(plane), cylindrical, and spherical capacitors are encountered. 
Since the field is confined inside a capacitor, the electric displacement 
lines begin on one plate and terminate on the other. Consequently, 
the extraneous charges produced on the plates have the same magni- 
tude and are opposite in sign. : 

The basic characteristic of a capacitor is its capacitance, by which 
is meant a quantity proportional to the charge g and inversely pro- 
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portional to the potential difference between the plates: 


Ca-n (3.10) 
Fi—Pa 

The potential difference @,—@, is called the voltage across the 
relevant points*. We shall use the symbol U to designate the voltage. 
Hence, Eq. (3.10) can be written as follows: 

q 
C= (3.14) 
Here U is the voltage across the plates. 

The capacitance of capacitors is measured in the same units as 
that of isolated conductors (see the preceding section). 

The magnitude of the capacitance is determined by the geometry 
of the capacitor (the shape and dimensions of the plates ‘and their 
separation distance), and also by the dielectric properties of the 
medium filling the space between the plates. Let us find the equation 
for the capacitance of a parallel-plate capacitor. Ifthe area of a plate 
is S and the charge on it is q, then the strength of the field between 
the plates is 


[see Eqs. (1.121) and (2.33); e is the permittivity of the medium 
filling the gap between the plates). 

In accordance with Eq. (1.45), the potential difference between 
the plates is 


Hence for the capacitance of a parallel-plate capacitor, we get 
C= oe (3.12) 


where S = area of a plate 
d = separation distance of the plates 
e = permittivity of the substance filling the gap. 

It must be noted that the accuracy of determining the capacitance 
of a real parallel-plate capacitor by Eq. (3.12) is the greater, the 
smaller is the separation distance d in comparison with the linear 
dimensions of the plates. 

It can be seen from Eq. (3.12) that the dimension of the electric 
constant £ equals the dimension of capacitance divided by that of 
length. Accordingly, £ọ is measured in farads per metre [see 
Eq. (1.12)]. 


* A more general definition of the quantity called voltage will be given in 
Sec. 5.3 [see Eq. (5.18). 
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If we disregard the dispersion of the field near the plate edges, we 
can easily obtain the following equation for the capacitance of 
a cylindrical capacitor: 

__ _2neel 
C= RIR) (3.13) 
where l = length of the capacitor 
R, and R, = radii of the internal and external plates. 

The accuracy of determining the capacitance of a real capacitor 
by Eq. (3.13) is the greater, the smaller is the separation distance 
of the plates d = R, — R, in comparison with / and Ry. 

The capacitance of a spherical capacitor is 


C= Ameen (3.44) 


where R, and R, are the radii of the internal and external plates. 
Apart from the capacitance, every capacitor is characterized by 
the maximum voltage Umax that may be applied across its plates 
without the danger of a breakdown. When this voltage is exceeded, 
a spark jumps across the space between the plates. The result is 
destruction of the dielectric and failure of the capacitor. 


CHAPTER 4. ENERGY OF 
AN ELECTRIC FIELD 


4.4. Energy of a Charged Conductor 


The charge g on a conductor can be considered as a system of point 
charges Aq. In Sec. 1.7, we obtained the following expression for the 
energy of interaction of a system of charges [see Eq. (1.39)]: 


Wr=t Dae (4.1) 


Here ọ; is the potential set up by all the charges except q; at the 
point where the charge q; is. 

The surface of a conductor is equipotential. Therefore, the poten- 
tials of the points where the point charges Aq are located are identi- 
cal and equal the potential @ of the conductor. Using Eq. (4.1), we 
get the following expression for the energy of a charged conductor 


1 4 4 
Wo=z D A=- 0 D A= 99 (4.2) 
Taking into account Eq. (3.5), we can write that 
2 Co 
W=} =p= (4.3) 


Any of these expressions gives the energy of a charged conductor. 


4.2. Energy of a Charged Capacitor 


Assume that the potential ofa capacitor plate carrying the charge 
+q is q,, and that of a plate carrying the charge —q is @,. Conse- 
quently, each of the elementary charges Aq into which the charge +g 
can be divided is at a point with the potential g,, and each of the 
charges into which the charge —q can be divided is at a point with 
the potential g,. By Eq. (4.1), the energy of such a system of 
charges is 


We=sl+9K+(—D)el=F9(%—H=+WU (4-4) 


Using Eq. (3.11), we can write three expressions for the energy of 
a charged capacitor: 


Wy Be sags GER (4.5) 
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Equation (4.5) differs from (4.3) only in containing U instead of ọ. 
The expression for the potential energy permits us to find the force 

with which the plates of a parallel-plate capacitor attract each 

other. Let us assume that the separation distance of the plates can 

be changed. We shall associate the origin of the 

z-axis with the left-hand plate (Fig. 4.1). The coordi- 

nate z of the second plate will therefore determine 

the separation distance d of the plates. According to 

Eqs. (3.12) and (4.5), we have = 


ple bea Dh 
Wo= 0 = tees * 


Let us differentiate this expression with respect to z, 

assuming that the charge on the plates is constant Fig. 4.4 
(the capacitor is disconnected from a voltage source). 

As a result, we obtain the projection of the force exerted on the 
right-hand plate onto the z-axis: 


iA ôWp _ g? 
Fe= mae oge O eyes 


The magnitude of this expression gives the force with which the plates 
attract each other: 


F (4.6) 


g? 
= 22085 
Now let us try to calculate the force of attraction between the 
plates of a parallel-plate capacitor as the product of the strength of 
the field produced by one of the plates and the charge concentrated 
on the other one. By Eq. (1.120), the strength of the field set up by 
one plate is 
pthc dad sl 
E= EETA (4.7) 
A dielectric weakens the field in the space between the plates e 
times, but this occurs only inside the dielectric [see Eq. (2.33) and 
the related text]. The charges on the plates are outside the dielectric: 
and are therefore acted upon by the field strength given by Eq. (4.7). 
Multiplying the charge of a plate q by this strength, we get the fol- 
lowing expression for the force: 


F (4.8) 


itat 

225 

Equations (4.6) and (4.8) do not coincide. The value of the force 
given by Eq. (4.6) obtained from the expression for the energy agrees 
with experimental data. The explanation is that apart from the 
“electric” force given by Eq: (4.8), the plates experience mechanical 
forces from the side of the dielectric that tend to spread them apart 
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(see Sec. 2.8; we must note that we have in mird a fluid dielectric). 
There is a dispersed field at the edges of the plates whose magnitude 


Fig. 4.2 


diminishes with an increasing distance from the 
edges (Fig. 4.2). The molecules of the dielectric have 
a dipole moment and experience the action of a force 
pulling them into the region with the stronger field 
[see Eq. (4.62)]. The result is an increase in the pres- 
sure between the plates and the appearance of a force 
that weakens the force given by Eq. (4.8) e 
times. 

If a charged capacitor with an air gap is partially 
immersed in a liquid dielectric. the latter will be 
drawn into the space between the plates (Fig. 4.3). 
This phenomenon is explained as follows. The per- 
mittivity of air virtually equals unity. Consequent- 
ly, before the plates are immersed in the dielectric, 
we can consider that the capacitance of the capaci- 
tor is Cy = e)S/d. and its energy is W, = q°/2C). 
When the space between the plates is partially filled 
with the dielectric, the capacitor can be considered 
as two capacitors connected in parallel. one of 
which has a plate area of zS (z is the relative part 
of the space filled with the liquid) and is filled with 
a dielectric for which e >1, and the other has a 
plate area equal to (1 — z)S. In the parallel con- 


nection of capacitors, their capacitances are summated: 
S(1— Sz £ (e —1) S 
CHC, +0, = EH) 4 eL Cot BESNS aSDeS. p 


Since C >Co, the energy W = q*/2C will be smaller than W, (the 
charge q is assumed to be constant—the capacitor was disconnected 


from the voltage source before being immersed in 
the liquid). Hence, the filling of the space between 
the plates with the dielectric is profitable from 
the energy viewpoint. This is why the dielectric 
is drawn into the capacitor and its level in the 
space separating the plates rises. This, in turn, 
results in an increase in the potential energy of 
the dielectric in the field of forces of gravity. In 
the long run, the level of the dielectric in the 
space will establish itself at a certain height cor- 
responding to the minimum total energy (elec- 
trical and gravitational), The above phenomenos 
is similar to the capillary rise of a liquid in 
between plates (see Sec. 14.5 of Vol. I, p. 385). 


the narrow space 


The drawing of the dielectric into the space between plates can 
also be explained from the microscopic viewpoint. There is a non- 
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uniform field at the edges of the capacitor plates. The molecules of 
the dielectric have an intrinsic dipole moment or acquire it under 
the action of the field; therefore, they experience forces that tend to 
transfer them to the region of the strong field, i.e. into the capacitor. 
These forces cause the liquid to be drawn into the space between the 
plates until the electric forces exerted on the liquid at the plate 
edges will be balanced by the weight of the liquid column. 


4.3. Energy of an Electric Field 


The energy of a charged capacitor can be expressed through quan- 
tities characterizing the electric field in the space between the plates. 
Let us do this for a parallel-plate capacitor. Introducing expression 
(3.12) for the capacitance into the equation W,=C U?/2 [see Eq. (4.5)], 
we get 


CU. esU? _ ee (U \2 
Wy ae =e (az) 8 
The ratio U/d equals the strength of the field between the plates; 
the product Sd is the volume occupied by the field. Hence, 
eE? 
W= (4.9) 

The equation Wp = q°/2C relates the energy of a capacitor to the 
charge on its plates, while Eq. (4.9) relates this energy to the field 
strength. It is logical to ask the question: where, after all, is the 
energy localized (i.e. concentrated), what is the carrier of the ener- 
gy—charges or a field? This question cannot be answered within the 
scope of electrostatics, which studies the fields of fixed charges that 
are constant in time. Constant fields and the charges producing them 
cannot exist separately from each other. Fields varying in time, how- 
ever, can exist independently of the charges producing them and 
propagate in space in the form of electromagnetic waves. Experi- 
ments show that electromagnetic waves transfer energy. In partic- 
ular, the energy due to which life exists on the Earth is supplied 
from the Sun by electromagnetic waves; the energy that causes a radio 
receiver to sound is carried from the transmitting station by electro- 
magnetic waves, etc. These facts make us acknowledge the circum- 
stance that the carrier of energy is a field. : 

If a field is homogeneous (which is the case in a parallel-plate 
capacitor), the energy confined in it is distributed in space with 
a constant density w equal to the energy of the field divided by the 
volume it occupies. Inspection of Eq. (4.9) shows that the density 
of the energy of a field of strength E set up in a medium with the 
permittivity e is z 

we sae (4.10) 
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With account taken of Eq. (2.21), we can write Eq. (4.10) as follows: 


v= L (4.14) 


In an isotropic dielectric, the directions of the vectors E and D 
coincide. We can therefore write the equation for the energy density 
in the form 

_ ED 
Deo 
Substituting for D in this equation its value from Eq. (2.18), we get 
the following expression for w: 
w= Eo EP) _ sob? , EP (4.12) 
The first addend in this expression coincides with the energy density 
of the field E in a vacuum. The second addend, as we shall proceed 
to prove. is the energy spent for polarization of the dielectric. 

The polarization of a dielectric consists in that the charges con- 
tained in the molecules are displaced from their positions under the 
action of the electric field E. The work done to displace the charges q; 
over the distance dr; per unit volume of the dielectric is 


dA= i qE dr, = Ed (a at) 
(we consider for simplicity’s sake that the field is homogeneous). 
According to Eq. (2.1), >) gir; equals the dipole moment of a unit 
volume, i.e. the polarization of the dielectric P. Hence, 

dA = EdP (4.43) 


The vector P is related to the vector E by the expression P = ye,E 
[see Eq. (2.5)]. Hence, dP = ye,dE. Using this value of dP in 
Eq. (4.13), we get the expression 


dA=yeE dE =a (2) a (E) 


Finally, integration gives us the following expression for the work 
done to polarize a unit volume of the dielectric: 


A= (4.14) 
which coincides with the second addend in Eq. (4.12). Thus, expres- 
sions (4.11), apart fram the intrinsic energy of a field e,£?/2, include 
the energy EP/2 spent for the polarization of the dielectric when the 
field is set up. 
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Knowing the density of the field energy at every point, we can 
find the energy of the field confined in any volume V. For this purpose, 
we must calculate the integral 


Ma LR Sr av (4.45) 


Let us calculate as an example the energy of the field of a charged 
conducting sphere of radius R placed in a homogeneous infinite 
dielectric. The field strength here is a function only of r: 
4 
= neo er? 

Let us divide the space surrounding our sphere into concentric spher- 
ical layers of thickness dr. The volume of a layer is dV = 4nr* dr. 
It contains the energy 


Memb at n m ee E i 
w= f Way Bae eo 2 GmegeR 2C 


{according to Eq. (3.7), 47e eR is the capacitance of a sphere]. 
The expression we have obtained coincides with that for the energy 
of a conductor having the capacitance C and carrying the charge q 


[see Eq. (4.3)]. 
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CHAPTER 5. STEADY ELECTRIC 
CURRENT 


5.1. Electric Current 


If a total charge other than zero is carried through an imaginary 
surface, an electric current (or simply a current) is said to flow 
through this surface. A current can flow in solids (metals, semiconduc- 
tors), liquids (electrolytes), and in gases (the flow of a current through 
a gas is called a gas discharge). 

For a current to flow, the given body (or given medium) must 
contain charged particles that can move within the limits of the 
entire body. Such particles are called current carriers. The latter 
may be electrons, or ions, or, finally, macroscopic particles carrying 
a surplus charge (for example, charged dust particles and droplets). 

A current is produced if there is an electric field inside a body. 
The charge carriers participate in the molecular thermal motion and, 
consequently, travel with a certain velocity v even in the absence of 
a field. But in this case, an identical number of carriers of either 
sign pass on the average in both directions through an arbitrary area 
mentally drawn in the body, so that the current is zero. When a field 
is switched on, ordered motion with the velocity u is superposed onto 
the chaotic motion of the carriers with the velocity v*. The velocity 
of the carriers will thus be v + u. Since the mean value of v (but not 
of v) equals zero, then the mean velocity of the carriers is (u): 


iv +a) = (v) + (a) = (u) 


It follows from what has been said above that an electric current can 
be defined as the ordered motion of electric charges. 

A quantitative characteristic of an electric current is the magnitude 
of the charge carried through the surface being considered in unit 
time. It is called the current strength, or more often simply the 
current. We must note that a current is in essence a flow of a charge 
through a surface (compare with the flow of a fluid, energy flux, etc.). 

If the charge dg is carried through a surface during the time dt, 
then the current is 


T= Sh (5.4) 


* Similarly, in a gas flow, ordered motion is superposed onto the chaotic 
thermal motion of ths miog iis 
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An electric current may be produced by the motion of either positive 
or negative charges. The transfer of a negative charge in one direc- 
tion is equivalent to the transfer of a positive charge of the same mag- 
nitude in the opposite direction. If a current is produced by carriers 
of both signs, the positive carriers transferring the charge dq* in one 
direction through the given surface during the time dt, and the nega- 
tive carriers the charge dq- in the opposite direction during the same 


time, then 
= oat larl 
i= at + at 


The direction of motion of the positive carriers has been conven- 
tionally assumed to be the direction of a current. 

A current may be distributed non-uniformly over the surface 
through which it is flowing. A current can be characterized in gteat- 
er detail by means of the current density vector j. This vector numer- 
ically equals the current dI through the area dS, arranged at the 
given point perpendicular to the direction of motion of the carriers 
divided by the magnitude of this area: 


dI 
j= 5.2 
jem a - (5.2) 
The direction of j is taken as that of the velocity vector u* of the 
ordered motion of the positive carriers (or as the direction opposite 
to that of the vector u`). 

The field of the current density vector can be depicted by means 
of current lines that are constructed in the same way as the stream- 
lines in a flowing liquid, the lines of the vector E, etc. 

Knowing the current density vector at every point of space, we 
can find the current J through any surface S: 


pa jas (5.3) 


It can be seen from Eq. (5.3) that the current is the flux of the current 
density vector through a surface [see Eq. (41.74). 

Assume that a unit volume contains n* positive carriers and n~ 
negative ones. The algebraic value of the carrier charges is e* and e7, 
respectively. If the carriers acquire the average velocities u* and u“ 
under the action of the field, then n*u* positive carriers will pass in 
unit time through unit area*, and they will transfer the charge 


* The expression for the number of molecules flying in unit time through unit 
area contains, in addition, the factor 4/4 due to the fact that the molecules move 
chaotically [see Eq. (41.23) of Vol. I, p. 303]. This factor is not present in the 
given case because all the carriers of a given sign have ordered motion in one di- 
rection. 


7 
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e*n*u*. Similarly, the negative carriers will transfer the charge 
e-n-u- in the opposite direction. We thus get the following expres- 
sion for the current density: 


j= en*u* + | e- | n-u- (5.4) 
This expression can be given a vector form: 
j = e*n*u* + enu (5.5) 


(both addends have the same direction: the vector u~ is directed 
oppositely to the vector j; when it is multiplied by the negative 
scalar e~, we get a vector of the same direction as j). 

The product e*n* gives the charge density of the positive carriers p*. 
Similarly, e~n- gives the charge density of the negative carriers p~. 
Hence, Eq. (5.5) can be written in the form 

j = pu’ + pour (5.6) 

A current that does not change with time is called steady (do not 
confuse with a direct current whose direction is constant, but whose 
magnitude may vary). For a steady current, we have 

f= 2 (5.7) 
where q is the charge carried through the surface being considered 
during the finite time t. 

In the SI, the unit of current, the ampere (A), is a basic one. Its 
definition will be given on a later page (see Sec. 6.1). The unit of 
charge, the coulomb (C), is defined as the charge carried in one second 
through the cross section of a conductor at a current of one ampere. 

The unit of current in the cgse system is the current at which one 
cgse unit of charge (1 cgse,) is carried through a given surface in one 
second. From Egs. (5.7) and (4.8) we find that 


1A =3 x 10° cgse; (5.8) 


5.2, Continuity Equation 
Let us consider an imaginary closed surface S (Fig. 5.1) in a medi- 
um in which a current is flowing. The expression $ j dS gives the 


5 
charge emerging in a unit time from the volume V enclosed by sur- 
face S. Owing to charge conservation, this quantity must equal the 
rate of diminishing of the charge q contained in the given volume: 


pani 
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Substituting for g its value j p dV, we get the expression 
d 
§ias=- J pav=—| Sav (5.9) 
5 v Ý 
We have written the partial derivative of p with respect to ¢ inside 


the integral because the charge density may depend not only on time, 
but also on the coordinates (the integral f p dV isa function only of 


Fig. 5.4 Fig. 5.2 


time). Let us transform the left-hand side of Eq. (5.9) in accordance 
with the Ostrogradsky-Gauss theorem. Asa result, we get 


jue) 2 av (5-10) 


Equation (5.10) must be observed upon an arbitrary choice of the 
volume V over which the integrals are taken. This is possible only if 
at every point of space the condition is observed that 


vi= —F 


Equation (5.11) is known as the continuity equation. It [like Eq. 
(5.9) expresses the law of charge conservation. According to Eq. (5.11), 
the charge diminishes at points that are sources of the vector j. 
For a steady current, the potential at different points, the charge 
density, and other quantities are constant. Hence, for a steady cur- 
rent, Eq. (5.41) has the form 
vi =0 (5.12) 
Thus, for a steady current, the vector j has no sources. This signifies 
that the current lines begin nowhere and terminate nowhere. Hence, 


the lines of a steady current are always closed. Accordingly, $ jds 


equals zero. Therefore, for a steady current, the picture similar to 
that shown in Fig. 5.1 has the form shown in Fig. 5.2. 


(5.44) 
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5.3. Electromotive Force 


If an electric field is set up in a conductor and no measures are 
taken to maintain it, then motion of the current carriers will lead 
very rapidly to vanishing of the field inside the conductor and stop- 
ping of the current. To maintain a current for a sufficiently long time, 
it is necessary to continuously remove from the end of the conductor 
with the lower potential (the current carriers are assumed to be posi- 
tive) the charges carried to it by the current, and continuously sup- 
ply them to the end with the higher potential (Fig. 5.3). In other 


4 o> o> gia 
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Fig. 5.3 


words, it is necessary to circulate the charges along a closed path. 
This agrees with the fact that the lines of a steady current are closed 
(see the preceding section). 

The circulation of the strength vector of an electrostatic field 
equals zero. Therefore, in a closed circuit in addition to sections on 
which the positive carriers travel in the direction of a decrease in 
the potential p, there must be sections on which the positive charges 
are carried in the direction of a growth in Q, i.e. against the forces of 
the electrostatic field (see the part of the circuit in Fig. 5.3 shown 
by the dash line). Motion of the carriers on these sections is possible 
only with the aid of forces of a non-electrostatic origin, called 
extraneous forces. Thus, to maintain a current, extraneous forces are 
needed that act either over the entire length of the circuit or on 
separate sections of it. These forces may be due to chemical process- 
es, the diffusion of the current carriers in a non-uniform medium or 
through the interface between two different substances, to electric 
(but not electrostatic) fields set up by magnetic fields varying with 
time (see Sec. 9.1), etc. 

Extraneous forces can be characterized by the work they do on 
charges travelling along a circuit. The quantity equal to the work 
done by the extraneous forces on a unit positive charge is called the 
electromotive force (e.m.f.) E acting in a circuit or on a section of it. 
Hence, if the work of the extraneous forces on the charge qis A, then 


gea (5.13) 
q 


Steady Electric Current 103 


A comparison of Eqs. (5.13) and (1.31) shows that the dimension 
of the e.m.f. coincides with that of the potential. Therefore, & is 
measured in the same units as 9. 

The extraneous force Fexir acting on the charge q can be represent- 
ed in the form 


Fextr = E*g (5.44) 
The vector quantity E* is called the strength of the extraneous force 
field. The work [of the extraneous forces on the charge q on circuit 
section 1-2 is 
2 2 
A= | Feurdi=q | E*l 
1 1 
Dividing this work by g, we get the e.m.f. acting on the given section: 
2 
bu f E*dl (5.45) 
4 


A similar integral calculated for a closed circuit gives the e.m.f. 
acting in this circuit: 


g= $E (5.16) 


Thus, the e.m.f. acting in a closed circuit can be determined as the 
circulation of the strength vector of the extraneous forces. 

In addition to extraneous forces, a charge experiences the forces of 
an electrostatic field Fy = gE. Hence, the resultant force acting at 


each point of a circuit on the charge q is 
F= Fg4 Ferr =g (E+ E*) 
The work done by this force on the charge g on circuit section 1-2 is 
determined by the expression 
2 2 
Aa=g | Ed+g | Bdl=a—e tae (540 
1 1 
The quantity numerically equal to the work done by the electrostat- 
ic and extraneous forces in moving a unit positive charge is defined 
as the voltage drop or simply the voltage U on the given section of 
the circuit. According to Eq. (5.17); 
Un=p9 Pt (5.18) 
A section of a circuit on which no extraneous forces act is called 


homogeneous. A section on which the current carriers experience 
extraneous forces is called inhomogeneous. For a homogeneous sec- 
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tion of a circuit 

02=%:—%2 (5.49) 
i.e. the voltage coincides with the potential difference across the 
ends of the section. 


5.4. Ohm’s Law. Resistance of Conductors 


The German physicist Georg Ohm (1789-1854) experimentally 
established a law according to which the current flowing in a homoge- 
neous (in the meaning that no extraneous forces are present) metal con- 

ductor is proportional to the voltage drop U 


di in the conductor: 
ds 4 
ae adsl? oe 


We remind our reader that for a homogeneous 

Fig. 5.4 conductor the voltage U coincides with the 

potential difference g, — @, [see Eq. (5.18)]. 

The quantity designated by the symbol R in Eq. (5.20) is called 

the electrical resistance of a conductor. The unit of resistance is the 

ohm (Q) equal to the resistance of a conductor in which a current of 

1 A flows at a voltage of 1 V. 

The value of the resistance depends on the shape and dimensions 

of a conductor and also on the properties of the material it is made of. 
For a homogeneous cylindrical conductor 


R=pt (5.21) 


where / = length of the conductor 
S = its cross-sectional area 
p = coefficient depending on the properties of the material 
and called the resistivity of the substance. 

If l = 1 and S = 4, then R numerically equals p. In the SI, p is 
measured in ohm-metres (Q-m). 

Let us find the relation between the vectors j and E at the same 
point of a conductor. In an isotropic conductor, the ordered motion 
of the current carriers takes place in the direction of the vector E. 
Therefore, the directions of the vectors j and E coincide*. Let us 
mentally separate an elementary cylindrical volume with generatri- 
ces parallel to the vectors j and E in the vicinity of a certain point 
(Fig. 5.4). A current equal to j dS flows through the cross section of the 
cylinder. The voltage across the cylinder is Æ dl, where Æ is the field- 


* In anisotropic bodies, the directions of the vectors j and E, generally speak- 
ing, do not coincide. The relation between j and E for such bodies is achieved 
with the aid of the conductance tensor. 
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strength at the given point. Finally, the resistance of the cylinder, 
according to Eq. (5.24), is p (di/dS). Using these values in Eq. (5.20), 
we arrive at the equation 


_ as pow 
jas =p Edl or j=> E 


Taking advantage of the fact that the vectors j and E have the same 
direction, we can write 


j= E=0F (5.22) 


This equation expresses Ohm's law in the differential form. 

The quantity o in Eq. (5.22) that is the reciprocal ofp is called the 
conductivity of a material. The unit that is the reciprocal of the 
ohm is called the siemens (S). The unit 
of o isaccordingly thesiemens per me- / 
tre (S/m). 

Let us assume for simplicity’s sake 
that a conductor contains carriers of 
only one sign. According to Eq. (5.5), 
the current density in this case is 


= enu (5.23) Ares 


A comparison of this expression with Tor F 
Eq. (5.22) leads us to the conclusion 

that the velocity of ordered motion of rie 5% 

current carriers is proportional to the ig, 5. 

fiold strength E, i.e. to the force impart- 

ing ordered motion to the carriers. Proportionality of the velocity to 
the force applied to a body is observed when apart from the force pro- 
ducing the motion, the body experiences the force of resistance of the 
medium. This force is due to the interaction of the current carriers 
with the particles which the substance of the conductor is built of. 
The presence of the force of resistance to ordered motion of the current 
carriers results in the electrical resistance of a conductor. 

The ability of a substance to conduct an electric current is charac- 
terized by its resistivity p or conductivity o. Their magnitude is 
determined by the chemical nature of the substance and the sur- 
rounding conditions, in particular the ambient temperature. 

The resistivity p varies directly with the absolute temperature va 
for most metals at temperatures close to room one: 


pal (5.24) 


Deviations from this proportion are observed at low temperatures 
(Fig. 5.5). The dependence of p on T usually follows curve 7. The 
magnitude of the residual resistivity Pres depends very greatly on 
the purity of the material and the presence of residual mechanical 
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stresses in the specimen. This is why preg appreciably diminishes 
after annealing. The resistivity p of a perfectly pure metal with an 
ideal regular crystal lattice vanishes at absolute zero. 

The resistance of a large group of metals and alloys at a temperature 
of the order of several kelvins vanishes in a jump (curve 2 in Fig. 5.5). 
This phenomenon, called superconductivity, was first discovered in 
1911 by the Dutch scientist Heike Kamerlingh Onnes (1853-1926) 
for mercury. Superconductivity was later discovered in lead, tin, 
zinc, aluminium, and other metals, as well as in a number of alloys. 
Every superconductor has its own critical temperature Ter at which 
it passes over into a superconducting state. The superconducting 
state is violated when a magnetic field acts on a superconductor. The 
magnitude of the critical field Bor (the symbol. B stands for the 
magnetic induction—see Sec. 6.2) destroying. superconductivity 
equals zero when 7 = Ter and grows with lowering of the tem- 
perature. 

A complete theoretical substantiation of. superconductivity was 
ge 1957 by J. Bardeen, L. Cooper, and J, Schrieffer (see Vol. III, 

ec. 8.2). 

The temperature dependence of resistance underlies the design of 
resistance thermometers. Such a thermometer is a metal (usually 
platinum) wire wound onto a porcelain or mica body. A resistance 
thermometer graduated according to constant temperature points 
makes it possible to measure both low and high temperatures with 
an accuracy of the order of several hundredths of a kelvin. Recent 
times have seen semiconductor resistance thermometers coming into 
greater and greater favour. 


5.5. Ohm’s Law for 
an Inhomogeneous Circuit Section 


The extraneous forces eE* act on current carriers on an inhomo- 
geneous section of a circuit in addition to the electrostatic forces eE. 
Extraneous forces are capable of producing ordered motion of current 
carriers to the same extent as electrostatic forces are. We found in 
the preceding section that in a homogeneous conductor the average 
velocity of ordered motion of the current carriers is proportional to 
the electrostatic force eE. It is quite obvious that where extraneous 
forces are exerted on the carriers in addition to the electrostatic 
forces, the average velocity of ordered motion of the carriers will 
be proportional to the total force eE + eE*. Accordingly, the current 
density at these points is proportional to the sum of the strengths 
E + E*: 


j = oŒ + E*) (5:25) 
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Equation (5.25) summarizes Eq. (5.22) for an inhomogeneous con- 
ductor. It expresses Ohm’s law for an inhomogeneous section of 
a circuit in the differential form. 

We can pass over from Ohm’s law in the differential form to its 
integral form. Let us consider an inhomogeneous section of a circuit. 
Assume that there is a line inside this section (we shall call it the 
current path) complying with the following conditions: (1) in every 
cross section perpendicular to the path, the 
quantities j, o, E, E* have the same values 
with sufficient accuracy, and (2) the vectors j, 
E, and E* at every point are directed along a 
tangent to the path. The cross section of the 
conductor may vary (Fig. 5.6). 

Let us choose an arbitrary direction of mo- 
tion along the path. Assume that the chosen 
direction corresponds to motion from end J 
to end 2 of the circuit section (direction 7-2). Let us project the vec- 
tors in Eq. (5.25) onto the path element dl. The result is 


j=9(E.+ E?) (5.26) 


Owing to our assumption, the projection of each of the vectors equals 
the magnitude of the vector taken with the sign plus or minus depend- 
ing on the direction of the vector relative to dl. For example, j; = j 
if the current flows in direction 1-2, and j; = — j if it flows in 
direction 2-1. 

Owing to charge conservation, the steady current in each section 
must be the same. Therefore, the quantity J = j,S is constant along 
the path. The current in this case should be treated as an algebraic 
quantity. We remind our reader that we have chosen direction 1-2 
arbitrarily. Hence, if the current flows in the chosen direction, it 
should be considered positive, and if it flows in the opposite direction 
(i.e. from end 2 to end 7), it should be considered negative. 

Let us substitute the ratio I/S for j; and the resistivity p for the 
conductivity o in Eq. (5.26). We get 


154 =E+Et 


Multiplication of the above equation by dl and integration along 
the path yield 


2 2 4 
jes] Rat | Era 


The quantity p dl/S is the resistance of the path section of length 
dl, and the integral of this quantity is the resistance R of the cir- 
cuit section. The first integral in the right-hand side gives Pı — 9a, 
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and the second integral gives the e.m.f. €,, acting on the section. 
We thus arrive at the equation 


IR=9,— 92.182 (5.27) 


The e.m.f. 8., like the current J, is an algebraic quantity. When 
the e.m.f. facilitates the motion of the positive current carriers in 
the selected direction (in direction 1-2), we have $,, >0. If the 
e.m.f. prevents the motion of the positive carriers in the given direc- 
tion, 6). < 0. 

Let us write Eq. (5.27) in the form 


r= Sot By (5.28) 


This equation expresses Ohm's law for an inhomogeneous circuit 
section. Assuming that 9; = Qz, we get the equation of Ohm's law 
for a closed circuit: 

=4 (5.29) 
= e.m.f. acting in the circuit 
= total resistance of the entire circuit. 


5.6. Multiloop Circuits. 
Kirchhoff’s Rules 


The calculation of multiloop circuits or networks is considerably 
simplified if we use two rules formulated by the German physicist 
Gustav Kirchhoff (1824-1887). The first of them relates to the junc- 
tions of a circuit. A junction is defined as a point where three or 

more conductors meet (Fig. 5.7). A current flowing 
toward a junction is considered to have one sign 
4 (plus or minus), and a current flowing out ofa 
junction is considered to have the opposite sign 

(minus or plus). 
Kirchhoff’s first rule, also called the junction 


J I; tule, states that the algebraic sum of all the cur- 
rents coming into a junction must be zero: 
Figs, Qe ZI =0 (5.30) 


This rule follows from the continuity equation, i.e. in the long run 
from the law of charge conservation. For a steady current, Vj equals 
zero everywhere [see Eq. (5.12)]. Hence, the flux of the vector j, 
i.e. the algebraic sum of the currents flowing through an imaginary 
closed surface surrounding a junction, must be zero. 
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Equation (5.30) can be written for each of the N junctions of 
a circuit. Only N — 1. equations will be independent, however, 
whereas the N-th one will be'a corollary of ‘them. 


The second rule. relates to any closed loop separated from a mul- 
tiloop circuit (see, for example, loop J-2-3-4-7 in Fig. 5.8). Let us 
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choose a direction of circumvention (for example, clockwise as in the 
figure) and apply Ohm’s law to each unbranched loop section: 


IR =i p+ & 
IR, = 9a — 93+ a 
I;Rs=Qs— + 8s 
LR = 9—9 +b 


When these expressions are summated, the potentials can be can- 
celled, and we get the equation 
SIR = > Er (5.31) 

that expresses Kirchhoff’s second rule, also called the loop rule. 

Equation (5.34) can be written for all the closed loops that can 
be separated mentally in a given multiloop circuit. Only the equa- 
tions for the loops that cannot be obtained by the superposition of 
other loops on one: another will be independent, however. For exam- 
ple, for the circuit depicted in Fig. 5.9, we can write three equations: 

(1) for loop 1-2-3-6-1, 

(2) for loop 3-4-5-6-3, and 

(3) for loop 1-2-3-4-5-6-1. 

The last loop is obtained by superposition of the first two. The 
equations will therefore not be independent. We can take any two 
equations of the three as independent ones. 
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In writing the equations of the loop rule, we must appoint the 
signs of the currents and e.m.f.’s in accordance with the chosen direc- 
tion of circumvention. For example, the current J, in Fig. 5.9 must 
be considered negative because it flows oppositely to the chosen direc- 
tion of circumvention. The e.m.f. €, must also be considered negative 
because it acts in the direction opposite to that of circumvention, 
and so on. 

We may choose the direction of circumvention in each loop abso- 
lutely arbitrarily and independently of the choice of the directions in 
the other loops. It may happen here that the same current or the same 
e.m.f. may be included in different 
equations with opposite signs (this 
happens with the current J, in 
Fig. 5.9 for the indicated directions 
of circumvention in the loops). This 
is of no significance, however, be- 
cause a change in the direction 
around a loop results only in a re- 
versal of all the signs in Eq. (5.34). 

In compiling the equations, re- 
member that the same current flows 


ê, êz ê; in any cross section of an unbranched 

t = *J5 part of a circuit. For example, the 
same current J, flows from junction 

Fig. 5.9 6 to the current source 8, as from 


the source §, to junction 3. 

The number of independent equations compiled in accordance with 
the junction and loop rules equals the number of different currents 
flowing in a multiloop circuit. Therefore, if we know the e.m.f.’s and 
resistances for all the unbranched sections, we can calculate all the 
currents. We can also solve other problems, for instance find the 
e.m.f.’s that must be connected in each of the sections of a circuit 
to obtain the required currents with the given resistances. 


5.7. Power of a Current 


Let us consider an arbitrary section of a steady current circuit 
across whose ends the voltage U is applied. The charge q = It will 
flow during the time ¢ through every cross section of the conductor. 
This is equivalent to the fact that the charge Jt is carried during the 
time ¢ from one end of the conductor to the other. The forces of the 
electrostatic field and the extraneous forces acting on the given sec- 
tion do the work 


A = U4 = Uli (5.32) 
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[we remind our reader that the voltage U is determined as the work 
done by the electrostatic and extraneous forces in moving a unit posi- 
tive charge; see Eq. (5.18)]. 

Dividing the work A by the time ¢ during which it is done, we get 
the power developed by the current on the circuit section being 
considered: 


P=UI=(q,— p) 1 + 8 iol (5.33) 


This power may be spent for the work done by the circuit section 
being considered on external bodies (for this purpose the section 
must move in space), for the proceeding of chemical reactions, and, 
finally, for heating the given circuit section. 

The ratio of the power AP developed by a current in the volume 
AV of a conductor to the magnitude of this volume is called the 
unit power of the current P, corresponding to the given point of the 
conductor. By definition, the unit power is 


Pyaar (6.34) 
Speaking conditionally, the unit power is the power developed in 
unit volume of a conductor. 
An expression for the unit power can be obtained proceeding from 
the following considerations. The force e (E + E*) develops a pow- 
er of 


P' =e (E + E*) (v+u) 
upon the motion of a current carrier. Let us average this expression 


for the carriers confined in the volume AV within which E and E* 
may be considered constant. The result is 


(P’) = e (E+E*) (v + u) =e (E+E*) (wv) + ¢ (E+ E*) w= 
=e (E+E*) (u) 
(remember that (v) = 0). > 
We can find the power AP developed in the volume AV by multi- 


plying (P’) by the number of current carriers in this volume, i.e. by 
nAV (n is the number of carriers in unit volume). Thus, 


AP = (P*) nAV =e (E+E*) mAV = j Œ + E*) AV 
[see Eq. (5.23)]. Hence, 
Py=j (E+E) (6.35) 
This expression is a differential form of the integral equation (5.33). 
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5.8. The Joule-Lenz Law 


When a conductor is stationary and no chemical transformations 
occur in it, the work of a current given by Eq. (5.32) goes to increase 
the internal energy of the conductor, and as a result the latter gets 
heated. It is customary to say that when a current flows in a conduc- 
tor, the heat 


0=.Ult 
is liberated. Substituting RJ for U in accordance with Ohm’s law, 
we get the formula 

Q=R?t (5.36) 


Equation (5.36) was established experimentally by the British 
physicist James Joule (1818-1889) and independently of him by the 
Russian physicist Emil Lenz (4804-1865), and is called the Joule- 
Lenz law. 

If the current varies with time, then the amount of heat liberated 
during the time ¢ is calculated by the equation 

t 


= Jar at (5.37) 


0 
We can pass over from Eq. (5.36) determining the heat liberated 
in an entire conductor to an expression characterizing the liberation 
of heat at different spots of the conductor. Let us separate in a con- 
ductor, in the same way as we did in deriving Eq. (5.22), an elemen- 
tary volume in the form of a cylinder (see Fig. 5.4). According to 
the Joule-Lenz law, the following amount of heat will be liberated 
in this volume during the time dt: 


dQ= RI? dt =$ (j dS)? dt = pj? av at (5.38) 


(dV = dS dl is the magnitude of the elementary volume). 

Dividing Eq. (5.38) by dV and df, we shall find the amount of heat 
liberated in unit volume per unit time: 

Qu= pj? (5.39) 
By analogy with the name of quantity (5.34), the quantity Qu 
can be called the unit thermal power of a current. 

Equation (5.39) is a differential form of the Joule-Lenz law. It can 
be obtained from Eq. (5.35). Substituting j/o°= pj for E + E* in 
Eq. (5.35) [see Eq. (5.25)], we arrive at the expression 

Py=pj? 
that coincides with Eq. (5.39). 

It must be noted that Joule and Lenz established their law for 
a homogeneous circuit section. As follows from what has been said 
in the present section, however, Eqs. (5.36) and (5.39) also hold for 
an inhomogeneous section provided that the extraneous forces acting 
in it have a non-chemical origin. 


CHAPTER 6 MAGNETIC FIELD 
IN A VACUUM 


6.1. Interaction of Currents 


Experiments show that electric currents exert a force on one anoth- 
er. For example, two thin straight parallel conductors carrying 
a current (we shall call them line currents) attract each other if the 
currents in them flow in the same direction, and repel each other if 
the currents flow in opposite directions. The force of interaction per 
unit length of each of the parallel conductors is proportional to the 
magnitudes of the currents J, and J, in them and inversely propor- 
tional to the distance b between them: 


Fy=k Phils (6.1) 


We have designated the proportionality constant 2k for reasons that 
will become clear on a later page. 

The law of interaction of currents was established in 1820 by the 
French physicist Andre Ampere (1775-1836). A general expression 
of this law suitable for conductors of any shape will be given in 
Sec. 6.6. 


is also called the ampere-second (A-s). 
Equation (6.4) is written in the rationalized form as follows: 


Fate Pah (6.2) 


where u, is the so-called magnetic constant [compare with Eq. (4.41). 
To find the numerical value of po, we shall take advantage of the 
fact that according to the definition of the ampere, when J, = I, = 
=1A and b =1m. the force Fu iS obtained equal to 2 x 10-’N/m. 


8—7796 
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Let us use these values in Eq. (6.2): 
= 2x1ix4 
2x 10-1 = FOAMS 


Hence, 
Ho = 4n x 10-7 = 1.26 x 10-* H/m (6.3) 


(the symbol H/m stands for henry per metre — see Sec. 8.5). 

The constant k in Eq. (6.1) can be made equal to unity by choosing 
an appropriate unit of current. This is how the absolute electro- 
magnetic unit of current (cgsm;) is established. It is defined as the 
current which, if maintained in a thin straight conductor of infinite 
length, would act on an equal and parallel line current at a distance 
of 4 cm from it with a force equal to 2 dyn per centimetre of length. 

In the cgse system,'the constant k is a dimension quantity other 
oe ee According to Eq. (6.1), the dimension of k is determined 
as follows: 


Fub Fi 
y= Fe (6.4) 


We have taken into account that the dimension of F, is the dimen- 
sion of force divided by the dimension of length; hence, the dimen- 
sion of the product Z,b is that of force. According to Eqs. (1.7) 
and (5.7): 


j=; m= 


Using these values in Eq. (6.4), we find that 


== 
Consequently, in the cgse system, k can be written in the form 
4 
k= (6.5) 


where c is a quantity having the dimension of velocity and called 
the electromagnetic constant. To find its value, let us use rela- 
tion (1.8) between the coulomb and the cgse unit of charge, which was 
established experimentally. A force of 2 x 10-7 N/m is equivalent 
to 2 x 10-4 dyn/cm. According to Eq. (6.1), this is the force with 
which currents of 3 x 10°, cgse; (i.e. 4 A) each interact when b = 
= 100 cm. Thus, 
2x 10-4 A BX 821089 x 108 


whence 
c=3 x 10! em/s=3 X 108 m/s (6.6) 


The value of the electromagnetic constant coincides with that of 
the speed of light in a vacuum. From J, Maxwell’s theory, there fol- 


Magnetic Field in a Vacuum 415 


lows the existence of electromagnetic waves whose speed in a vacu- 
um equals the electromagnetic constant c. The coincidence of c 
with the speed of light in a vacuum gave Maxwell the grounds to 
assume that light is an electromagnetic wave. 

The value of k in Eq. (6.1) is 1 in the cgsm system and ile = 
= 4/(3 x 101)? s?/cm? in the cgse system. Hence it follows that 
a current of 4 cgsmz is equivalent to a current of 3 x 101° cgsey: 


4 ogsm; =3 x 10*° egse, = 10 A (6.7) 
Multiplying this relation by 1 s, we get 
1 cgsmg=3 x 10!° cgseg= 10 C (6.8) 
Thus, 
Togsm =+ Togse (6.9) 
Accordingly, 
Iogem = 4 Qogee (6.10) 


There is a definite relation between the constants &, Wo, and c: 
To establish it, let us find the dimension and numerical value of the 
product eo: In accordance with Eq. (4.44), the dimension of £ is 


2 
lel = ey (6.14) 
According to Eq. (6.2) 
[Fub] _ [F] T? 
[Pol = Ue a (6.12) 
Multiplication of Eqs. (6,14) and (6.42) yields 
i's 4 
[eop] =a = TP (6.13) 


(v is the speed). : 
With account taken of Eqs. (4.12) and (6.3), the numerical value 
of the product ef is 
4 ry 
x dn x 1077 = x0 = (6.14) 


4 
opo = Fax 9 x 10 
Finally, taking into account Eqs. (6.6), (6.43), and (6.14), we get 
the relation interesting us: 


200 = (6.15) 


2 
| = 


6.2. Magnetic Field 


Currents interact through a field called magnetic. This name origi- 
nated from the fact that, as the Danish physicist Hans Oersted 
(1777-4851) discovered in 1820, the field set up by a current has an 
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orienting action on a magnetic pointer. Oersted stretched a wire car- 
rying a current over a magnetic pointer rotating on a needle. When 
the current was switched on, the pointer aligned itself at right angles 
to the wire. Reversing of the current caused the pointer to rotate in 
the opposite direction. 

Oersted’s experiment shows that a magnetic field has a sense of 
direction and must be characterized by a vector quantity. The latter 
is designated by the symbol B. It would be logical to call B the 
magnetic field strength, by analogy with the electric field strength E. 
For historical reasons, however, the basic force characteristic of 
a magnetic field was called the magnetic induction.The name magne- 
tic field strength was given to an auxiliary quantity H similar to 
the auxiliary characteristic D of an electric field. 

A magnetic field, unlike its electric counterpart, does not act on 
a charge at rest. A force appears only when a charge is moving. 

A current-carrying conductor is an electrically neutral system of 
charges in which the charges of one sign are moving in one direction, 
and the charges of the other sign in the opposite direction (or are at 
rest). It thus follows that a magnetic field is set up by moving 
charges. 

Thus, moving charges (currents) change the properties of the space 
surrounding them—they set up a magnetic field in it. This field 
manifests itself in that forces are exerted on charges moving in it 
(currents). 

Experiments show that the superposition principle holds for 
a magnetic field, the same as for an electric field: the field B set up 
by several moving charges (currents) equals the vector sum of the fields B, 
set up by each charge (current) separately: 


= SB, (6.16) 
compare with Eq. (4.19)]. 


6.3. Field of a Moving Charge 


Space is isotropic, consequently, if a charge is stationary, then 
all directions have equal rights. This underlies the fact that the 
electrostatic field set up by a point charge is spherically symmet- 
rical. 

If a charge travels with the velocity v, a preferred direction (that 
of the vector v) appears in space. We can therefore expect the magne- 
tic field produced by a moving charge to have axial symmetry. We 
must note that we have in mind free motion of a charge, i.e. motion 
with a constant velocity. For an acceleration to appear, the charge 
must experience the action of a field (electric or magnetic). This 
field by its very existence would violate the isotropy of space. 
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Let us consider the magnetic field set up at point P by the point 
charge q travelling with the constant velocity v (Fig. 6.1). The distur- 
bances of the field are transmitted from point to point with the 
finite velocity c. For this reason, the induction B at point P at the 
moment of time ¢ is determined not by the position of the charge at 
the same moment t, but by its position at an 
earlier moment of time ¢— T: P 


B (P, i) = fig v rt — o) 


Here P signifies the collection of the coordinates p 
of point P determined in a stationary reference 
frame, and r(t — 7) is the position vector drawn 
to point P from the point where the charge was 7 v 
at the moment t — T. 7 
Fig. 6.4 


If the velocity of the charge is much smaller 
than c (v & c), then the retardation time t will 
be negligibly small. In this case, we can consider that the value of 
B at the moment t is determined by the position of the charge at 
the same moment t. If this condition is observed, then 


B (P, t) =f {q v; tO} (6.17) 


[we remind our reader that v = const, therefore v (t — t) = v (¢)l. 

The form of function (6.17) can be established only experimentally. 
But before giving the results of experiments, let us try to find the 
logical form of this relation. The simplest assumption is that the 
magnitude of the vector B is proportional to the charge q and the 
velocity v (when v = 0, a magnetic field is absent). We have to 
“construct” the vector B we are interested in from the scalar q and 
the two given vectors v and r: This can be done by vector multipli- 
cation of the given vectors and then by multiplying their product by 
the scalar. The result is the expression 


q [vr] (6.18) 


The magnitude of this expression grows with an increasing distance 
from the charge (with increasing 7). Tt is improbable that the charac- 
teristic of a field will behave in this way—for the fields that we 
know (electrostatic, gravitational), the field does not grow with an 
increasing distance from the source, but, on the contrary, weakens, 
varying in proportion to A/r?, Let us assume that the magnetic 
field of a moving charge behaves in the same way when r changes. 
We can obtain an inverse proportion to the square of r by dividing 
Eq. (6.18) by r°. The result is 


q {vr} 
i= (6.49) 
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Experiments show that when v < c, the magnetic induction of the 
field of a moving charge is determined by the formula 


_ yr air] 
B=k' i> (6.20) 


where k’ is a proportionality constant. 

We must stress once more that the reasoning which led us to 
expression (6.19) must by no means be considered as the derivation 
of Eq. (6.20). This reasoning does not have conclusive force. Its 
aim is to help us understand and memorize Eq. (6.20). This equation 
itself can be obtained only experimentally. 

It can be seen from Eq. (6.20) that the vector B at every point P 
is directed at right angles to the plane passing through the direction 
of the vector v and point P, so that rotation in the direction of B 
forms a right-handed system with the direction of v (see the circle 
with the dot in Fig. 6.1). We must note that Bisa pseudo vector. 

The value of the proportionality constant k’ depends on our choice 
of the units of the quantities in Eq. (6.20). This equation is written 
in the rationalized form as follows: 


— Bo g [vr] 
B= peil (6.21) 


This equation can be written in the form 
— Ho g [ve] 
B= (ae a (6.22) 


[compare with Eq. (4.15)]. It must be noted that in similar equations 
when ey is in the denominator, po isin the numerator, and vice versa. 

The SI unit of magnetic induction is called the tesla (T) in honour 
of the Croatian electrician and inventor Nikola Tesla (4856-1943). 

The units of the magnetic induction B are chosen in the egse and 
cgsm systems so that the constant k’ in Eq. (6.20) equals unity. 
Hence, the same relation holds between the units of B in these sys- 
tems as between the units of charge: 

1 cgsmg=3 x 10" egse, (6.23) 
[see Eq. (6.8)]. 

The cgsm unit of magnetic induction has a special name—the 
gauss (Gs). 

The German mathematician Karl Gauss (1777-1855) proposed a sys- 
tem of units in which all the electrical quantities (charge, current, 
electric field strength, etc.) are measured in cgse units, and all the 
Magnetic quantities (magnetic induction, magnetic moment, etc.) 
in egsm units. This system of units was named the Gaussian one, in 
honour of its author. 

In the Gaussian system, owing to Eqs. (6.9) and (6.10), all the 
equations containing the current or charge in addition to magnetic 
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quantities include one multiplier A/c for each quantity J or q in the 
relevant equation. This multiplier converts the value of the’ perti- 
nent quantity (J or g) expressed in egse units to a value expressed in 
cgsm units (the egsm system of units is constructed so that the pro- 
portionality constants in all the equations equal 1). For example, in 
the Gaussian system, Eq. (6.20) has the form 


_ 4 atv 
patel (6.24) 


We must note that the appearance of a preferred direction in space 
(the direction of the vector v) when a charge moves leads to the elec- 
tric field of the moving charge also losing its spherical symmetry and 


Fig. 6.2 


becoming axially symmetrical. The relevant calculations show that 
the E lines of the field of a freely moving charge have the form shown 
in Fig. 6.2. The vector E at point P is directed along the position 
vector r drawn from the point where the charge is at the given mo- 
ment to point P. The magnitude of the field strength is determined 
by the equation 
ch Hi) Sate ale, 

E= Aney r? [4—(v2/e?) sin? 63/2 (6 25) 
where 0 is the angle between the direction of the velocity v and the 
position vector. r. 

When v < c, the electric field of a freely moving charge at each 
moment of time does not virtually differ from the electrostatic 
field set up by a stationary charge at the point where the moving 
charge is at the given moment. It must be remembered, however, that 
this “electrostatic” field moves together with the charge. Hence, the 
field at each point of space changes with time. = 2 

At values of v comparable with c, the field in directions at right 
angles to v is appreciably stronger than in the direction of motion at 
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the same distance from the charge (see Fig. 6.2 drawn for v/e = 0.8). 
The field “flattens out” in the direction of motion and is concentrated 
mainly near a plane passing through the charge and perpendicular 
to the vector v. 


6.4. The Biot-Savart Law 


Let us determine the nature of the magnetic field set up by an 
arbitrary thin wire through which a current flows. We shall consid- 
I er a small element of the wire of length dl. 
This element contains nS dl current carriers 
(n is the number of carriers in a unit vol- 
ie ume, and S is the cross-sectional area of the 

Be aa a wire where the element dl has been taken). 
At the point whose position relative to the 
element dlis determined by the position vec- 
tor r (Fig. 6.3), a separate carrier of current 
e sets up a field with the induction 


— Hoe [(v+u), r] 
B= ån r3 


[see Eq. (6.24)]. Here v is the velocity of 
Fig. 6.3 chaotic motion, and u is the velocity of 
ordered motion of the carrier. 
The value of the magnetic induction averaged over the current 
carriers in the element dl is 


4n re 


((v) = 0). Multiplying this expression by the number of carriers 
in an element of the wire (equal to 7S dl), we get the contribution to 
the field introduced by the element di: 


Be S [(ne (u)), r} al 
dB= (B) nS di = foe rd 


(we have put the scalar multipliers n and e inside the sign of the 
vector product). Taking into account that ne (u) = j, we can write 


ap te lh via ie a (6.26) 


Let us introduce the vector dl directed along the axis of the current 
element dl in the same direction as the current. The magnitude of 
this vector is dl. Since the directions of the vectors j and dl coincide, 
we can write the equation 

jal =jdl (6.27) 
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Performing such a substitution in Eq. (6.26), we get 


= bo Si [aly rl 
Cy ear ae 


Finally, taking into account that the product Sj gives the current I 
in the wire, we arrive at the final expression determining the magnetic 
induction of the field set up by a current element of length dl: 


dpa yo Lidl, r) (6.28) 


4n r? 


We have derived Eq. (6.28) from Eq, (6.21). Equation (6.28) was 
actually established experimentally before Eq. (6.21) was known. 
Moreover, the latter equation was derived 
from Eq. (6.28). 

In 1820, the French physicists Jean Biot 
(1774-1862) and Felix Savart (1791-1841) 
studied the magnetic fields flowing along 
thin wires of various shape. The French 
astronomer and mathematician Pierre La- 
place (1749-1827) analysed the experimental 
data obtained and found that the magnetic 
field of any current can be calculated as the 
vector sum (superposition) of the fields set 
up by the separate elementary sections of 
the currents. Laplace obtained Eq. (6.28) 
for the magnetic induction of the field set Aree ys 
up by a current element of length dl. In this Pig 
connection, Eq. (6.28) is called the Biot- 

Savart-Laplace law, or more briefly the Biot-Savart law. 

A glance at Fig. 6.3 shows that the vector dB is directed at right 
angles to the plane passing through dl and the point for which the 
field is being calculated so that rotation about dl in the direction of 
dB is associated with dl by the right-hand screw rule. The magnitude 
of dB is determined by the expression 


dB = po Laan (6.29) 


where œ is the angle between the vectors dl and r. l 

Let us use Eq: (6.28) to calculate the field of a line current, i.e. the 
field set up by a current flowing through a thin straight wire of infi- 
nite length (Fig. 6.4). All the vectors dB at a given point have the 
same direction (in our case beyond the drawing). Therefore, addition 
of the vectors dB may be replaced with addition of their magnitudes. 
The point for which we are calculating the magnetic induction is at 
the distance b from the wire. 
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Inspection of Fig. 6.4 shows that 


N b dl rda _ bda 
NOA, “sing sing 
Let us introduce these values into Eq. (6.29): 


i Mo Jodasinasin?a _ po J. 
qB ig painta an > Neda 


Fig. 6.5 


The angle œ varies within the limits from 0 to x for all the elements 
of an infinite line current. Hence, 


a 
Se — Ho DT x auo: 2I. 
B= | a8= H2 ; len A 


Thus, the magnetic induction of the feld of a line current is deter- 
mined by the formula 


Bate 2h (6.30) 


The magnetic induction lines of the field of a line current are a sys- 
tem of concentric circles surrounding the wire (Fig. 6.5). 


6.5. The Lorentz Force 


A charge moving in a magnetic field experiences a force which we 
shall call magnetic. The force is determined by the charge q, its 
velocity v, and the magnetic induction B at the point where the 
charge is at the moment of time being considered. The simplest 
assumption is that the magnitude of the force F is proportional to 
each of the three quantities g, v; and B. In addition, F can be expect- 
ed to depend on the mutual orientation of the vectors v and B. 
The direction of the vector F should be determined by those of the 
vectors v and B. 

To “construct” the vector F from the scalar q and the vectors Y 
and B, let usfind the vector product of v and B and then multiply 
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the result obtained by the scalar g. The result is the expression 
q [vB] (6.31) 
It has been established experimentally that the force F acting on 
a charge moving in a magnetic field is determined by the formula 
F = kq [vB] (6.32) 
where ķ is a proportionality constant depending on the choice of the 
units for the quantities in the formula. 


It must be borne in mind that the reasoning which led us to expres- 
sion (6.31) must by no means be considered as the derivation of 


Fig. 6.6 Fig. 6.7 


Eq. (6.32). This reasoning does not have conclusive force. Its aim 
is to help us memorize Eq. (6.32). The correctness of this equation 
can be established only experimentally. 

We must note that Eq. (6.32) can be considered as a definition of 
the magnetic induction B. 

The unit of magnetic induction B—the tesla—is determined so 
that the proportionality constant k in Eq. (6.32) equals unity. Hence, 
in SI units, this equation becomes 


F = q [vB] (6.33) 
The magnitude of the magnetic force is 
F = qB sin œ (6.34) 


where œ is the angle between the vectors v and B. It can be seen 
from Eq. (6.34) that a charge moving along the lines of a magnetic 
field does not experience the action of a magnetic force. 3 

The magnetic force is directed at right angles to the plane contain- 
ing the vectors v and B. If the charge q is positive, then the direction 
of the force coincides with that of the vector [vB]. When q is 
negative, the directions of the vectors F and [vB] are opposite 
(Fig. 6.6). 

Since the magnetic force is always directed at right angles to the 
velocity of a charged particle, it does:no work on the particle. Hence, 
we cannot. change the energy of a charged particle by acting on it 
with a constant magnetic field. 
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The force exerted on a charged particle that is simultaneously in 
an electric and a magnetic field is 


F = gE + gq [vB] (6.35) 


This expression was obtained from the results of experiments by the 
Dutch physicist Hendrik Lorentz (1853-1928) and is called the 
Lorentz force. 

Assume that the charge g is moving with the velocity v parallel 
to a straight infinite wire along which the current J flows (Fig. 6.7). 
According to Eqs. (6.30) and (6.34), the 


el charge in this case experiences a magnetic 
a San ane Se) »; force whose magnitude is 
aa 2I 
r ii F=wB=p{5 (6.36) 
Fina where b is the distance from the charge to 
ae Bg *; the wire. The force is directed toward the 
re š wire when the charge is positive if the direc- 
s tions of the current and motion of the charge 
Fig. 6.8 are the same, and away from the wire if 


these directions are opposite (see Fig. 6.7). 
When the charge is negative, the direction, of the force is reversed; 
the other conditions being equal. 

Let us consider two like point charges q, and g, moving along 
parallel straight lines with the same velocity v that is much smaller 
than c (Fig. 6.8). When v & c, the electric field does not virtually 
differ from the field of stationary charges (see Sec. 6.3). Therefore, 
the magnitude of the electric force Fe exerted on the charges can be 
considered equal to 


Fog Folge Bom on ga (6.37) 


Equations (6.21) and (6.33) give us the following expression for 
the magnetic force Fm exerted on the charges: 


Fi=Fm,2= Fa = $2 2" (6.38) 


(the position vector r is perpendicular to v). 
Let us find the ratio between the magnetic and electric forces. It 
follows from Eqs. (6.37) and (6.38) that 


F 2 
r (6.39) 
[see Eq. (6.15)]. We have obtained Eq. (6.39) on the assumption that 
v & c. This ratio holds, however, with any v’s. 

The forces F, and F,, are directed oppositely. Figure 6.8 has been 
drawn for like and positive charges, For like negative charges, the 
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directions of the forces will remain the same, while the directions of 
the vectors B, and B, will be reversed. For unlike charges, the direc- 
tions of the electric and magnetic forces will be the reverse of those 
shown in the figure. 

Inspection of Eq. (6.39) shows that the magnetic force is weaker 
than the Coulomb one by a factor equal to the square of the ratio of 
the speed of the charge to that of light. The explanation is that the 
magnetic interaction between moving charges is a relativistic effect 
(see Sec. 6.7). Magnetism would disappear if the speed of light were 
infinitely great. 


6.6. Ampere’s Law 


If a wire carrying a current is in a magnetic field, then each of 
the current carriers experiences the force 


F= el(v +u), B] (6.40) 


[see Eq. (6.33)]. Here v is the velocity of chaotic motion of a carrier, 
and u is the velocity of ordered motion. The action of this force is 
transferred from a current carrier to the conductor along which it is 
moving. As a result, a force acts on a wire with current in a mag- 
entic field. 

Let us find the value of the force dF exerted on an element of a wire 
of length dl. We shall average Eq. (6. 40) over the current carriers 
contained in the element dl: 


(F) = el((v) + (u)), B] = el (u), B] (6.41) 


(B is the magnetic induction at the place where the element dl is). 
The wire element contains nS dl carriers (n is the number of carriers 
in unit volume, and S is the cross-sectional area of the wire at the 
given place). Multiplying Eq. (6.41) by the number of carriers, we 
find the force we are interested in: 
dF = (FYnS dl = [(ne(u)), B) S dl 

Taking into account that ne(u) is the current density j, and S dl 
gives the volume of a wire element dV, we can write 


dF = [jB] dv (6.42) 
Hence, we can obtain an expression for the density of the force, i.e. for 
the force acting on unit volume of the conductor 
Let us write Eq. (6.42) in the form 
dF = [jB] S dl 
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Replacing in accordance with Eq. (6.27) jS dl with jS dl = Id, 
we arrive at the equation 


dF = I [dl, B] (6.44) 


This equation determines the force exerted on a current element dl in 
a magnetic field. Equation (6.44) was established experimentally by 
Ampere and is called Ampere’s law. 

We have obtained Ampere’s law on the basis of Eq. (6.33) for the 
magnetic force. The expression for the magnetic force was actually 
obtained from the experimentally established equation (6.44). 


dFy kit 


Fig. 6.9 Fig. 6.10 


The magnitude of the force (6.44) is calculated by the equation 
dF = IB dl sin a (6.45) 


where œ is the angle between the vectors dl and B (Fig. 6.9). The force 
is normal to the plane containing the vectors dl and B. 

Let us use Ampere’s law to calculate the force of interaction be- 
tween two parallel infinitely long line currents in a vacuum. If the 
distance between the currents is b (Fig. 6.10), then each element of 
the current J, will be in a magnetic field whose induction is By = 
= (u)/4n) (21,/b) [see Eq. (6.30)]. The angle a between the elements 
of the current J, and the vector B; is a right one. Hence, according to 
Eq. (6.45), the force acting on unit length of the current J, is 


Fa, u=1,B,= $0 Hh (6.46) 
Equation (6.46) coincides with Eq. (6.2). 

We get a similar equation for the force F;,,, exerted on unit length 
of the current J,. It is easy to see that when the currents flow in the 
same direction they attract each other, and in the opposite direction 
repel each other. 
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6.7. Magnetism as a Relativistic Effect 


There is a deep relation between electricity and magnetism. On the 
basis of the postulates of the theory of relativity and of the invari- 
ance of an electric charge, we can show that the magnetic interaction 
of charges and currents is a corollary of Coulomb’s law. We shall 


Fig. 6.12 


show this on the example of a charge moving parallel to an infinite 
line current with the velocity v * (Fig. 6.14). 

According to Eq. (6.36), the magnetic force acting on a charge in 
the case being considered is 

Ho 2I 
Fama > (6.47) 

(the meaning of the symbols is clear from Fig. 6.11). The force is 
directed toward the conductor carrying the current (g >0). 

Before commencing to derive Eq. (6.47) for the force on the basis 
of Coulomb’s law and relativistic relations, let us consider the 
following effect. Assume that we have an infinite linear train of 
point charges of an identical magnitude e spaced a very small distance 
l apart (Fig. 6.12). Owing to the smallness of lọ, we can speak of the 
linear density of the charges 4) which obviously is 


w=% (6.48) 


Let us bring the charges into motion along the train with the identi- 
cal velocity u. The distance between the charges will therefore di- 


minish and become equal to 
TET 
lah 1- = 


[see Eq. (8.19) of Vol. I, p. 234]. The magnitude of the charges owing 
to their invariance, however, remains the same. As a result, the 
linear density of the charges observed in the reference frame relative 


* We have used the symbol vp for the velocity of a charge to make the nota- 
tion similar to that in Chap. 8 of Vol. I. 
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to which the charges are moving will change and become equal to 


EE a Wi. igi 
‘=F Vina (6.49) 


Now let us consider in the reference frame K two infinite trains 
formed by charges of the same magnitude, but of opposite signs, 
moving in opposite directions with the same velocity u and virtual- 


K K’ 
+e +e uy 
° o o o ° o O—— o o o o o o <o 
e o o o = o o u T_T o o o = o o 
å å 
F=qu,8 [nee 
a oa g ine. ERE TEL errr g E oe a 
(a) (6) 
Fig. 6.13 


ly coinciding with each other (Fig. 6.13a). The combination of these 
trains is equivalent to an infinite line current having the value 


2ou 

= Nu = A __ 50 
T=2hu Vina (6.50) 
where A is the quantity determined by Eq. (6.49). The total linear 
density of the charges of a train equals zero, therefore an electric 
field is absent. The charge q experiences a magnetic force whose mag- 
nitude according to Eqs. (6.47) and (6.50) is 


By fies aa Hote aL 51 
E TE is 

Let us pass over to the reference frame K’ relative to which the 
charge q is at rest (Fig. 6.13b). In this frame, the charge q also experi- 
ences a force (let us denote it by F’). This force cannot be of a magnet; 
ic origin, however, because the charge q is stationary. The force F 
has a purely electrical origin. It appears because the linear densities 
of the positive and negative charges in the trains are now different 
(we shall see below that the density of the negative charges is great- 
er). The surplus negative charge distributed over a train sets up 
an electric field that acts on the positive charge q with the force F 
directed toward the train (see Fig. 6.130). h 
Let us calculate the force F’ and convince ourselves that it “equals 
the force F determined by Eq. (6.51). We have taken the word 
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“equals” in quotation marks because force is not an invariant quanti- 
ty. Upon transition from one inertial reference frame to another, the 
force transforms according to a quite complicated law. In a particular 
case, when the force F’ is perpendicular to the relative velocity of the 
frames K and K’ (F’ L vo), the transformation has the form 


FF. VIl vo (F’v')/c? 
Fy 1+ vov'/c® 


(v' is the velocity of a particle experiencing the force F’ and mea- 
sured in the frame XK’). If v'=0 (which occurs in the problem we are 
considering), the formula for transformation of the force is as fol- 


lows: 
repy 1-4 


A glance at this formula shows that the force perpendicular to vo 
exerted on a particle at rest in the frame K’ is also perpendicular to 
the vector Vo in the frame K. The magnitude of the force in this case, 
however, is transformed by the formula 
rer y 1-2 (6.52) 
The densities of the charges in the positive and negative trains 
measured in the frame K’ have the values [see Eq. (6.49)] 


pica A nonan parser ena Ea 
at rr Ae TT ‘aed 


where u‘ and u‘ are the velocities of the charges-+e and —e mea- 
sured in the frame K’. Upon a transition from the frame K to the 
frame K’, the projection of the velocity of a particle onto the direction x 


coinciding with the direction of vo is transformed by the equation 


, Ux — Vo 


Ux = T ivl 


[see Eqs. (8.28) of Vol. I, p. 237; we have substituted u and w’ for v 
and v']. For the charges +e, the component ux equals u, for the 
charges —e it equals —u (see Fig. 6.13). Hence, 


, u—vo Prats a Ve 
(us) = unla ? (ua) -= TF uni 


Since the remaining projections equal zero, we get 


„_ lu—vl bak at ad) 
u= Zune u- = TF un (6.54) 


9—7796 
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To simplify our calculations, let us pass over to relative veloci- 
ties: 


u w ui : uL 
Bo=—., B=, B=}, => 


Equations (6.53) and (6.54) therefore acquire the form 


do : do 

A= TT’ he ST (6.55) 
+ _ |B—Bo | + _ B+ Bo 

6, = rem yr > f= The (6.56) 


With account taken of these equations, we get the following expres- 
sion for the total density of the charges: 


es -oma = 
V a VERY 


wet — Ae (LPB) to C E o: 
V UBB — Bpo V UF BB" — (B+ Ro) 
It is easy to see that 
(1—BBo)?— (B — Bo)? = (1+ BBo)?— (B+ Bo)? = (4 — B3) (4 — B3) 
Consequently, 
ro Abe —2houvo 
“Vico ayya C 
In accordance with Eq. (1.122), an infinitely long filament carry- 


ing a charge of density )’ sets up a field whose strength at the dis- 
tance b from the filament is 


' 4X4 
Br mean 
In this field, the charge g experiences the force 
Vi Rl eg Qh’ 
F’=qE Ined 


Introduction of Eq. (6.57) yields (we have omitted the minus sign) 
F= qgħouvo on 
nebe? V 1— vlc V 1— uè feà 
ESE O TALAS 5 (6:88) 


=p”. 
án bY iua Yio 
[we remind our reader that pọ = 1/e,c?; see Eq. (6.15)). 
The expression obtained differs from Eq. (6.51) only in the factor 


41/1 — vi/c?. We can therefore write that 
Far yasi 


where F is the force determined by Eq. (6.51), and F’ is the force 
determined by Eq. (6.58). A comparison with Eg. (6.52) shows that F 
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and Ry are the values of the same force determined in the frames K 
an A 

We must note that in the frame K” which would move relative to 
the frame K with a velocity differing from that of the charge vp, the 
force exerted on the charge would consist of both electric and mag- 
netic forces. 

The results we have obtained signify that an electric and a magnetic 
field are inseparably linked with each other and form a single elec- 
tromagnetic field. Upon a special choice of the reference frame, a field 
may be either purely electric or purely magnetic. Relative to other 
reference frames, however, the same field is a combination of an 
electric and a magnetic field. 

In different inertial reference frames, the electric and magnetic 
fields of the same collection of charges are different. A derivation 
beyond the scope of a general course in physics leads to the following 
equations for the transformation of fields when passing over from 
a reference frame K to a reference frame K’ moving relative to it 
with the velocity vo: 


Ey —voB, E, +B 
E= Ez, Bye Bie a 
5. (6.59) 
, 7 A pi Beata 
BaBa B; “YF , oii Vi-e 


Here E,, Ey, Ez, Bx, By, Bz are the components of the vectors E 
and B characterizing an electromagnetic field in the frame K, similar 
primed symbols are the components of the vectors E’ and B’ charac- 
terizing the field in the frame K’. The Greek letter B stands for the- 
ratio v,/c. 

Resolving the vectors E and B, and also E’ and B’, into their com- 
ponents parallel to the vector Vo (and, consequently, to the axes r 
and z’) and perpendicular to this vector (i.e. representing, for exam- 
ple, E in the form E =E)+ EL, etc.), we can write Eqs. (6.59) in. 
the vector form: 


h ty E, +[voB 1l 
PeBe (6.60) 
, , — B, — (4/6?) [vE] f 
Bi=Bp Bi=— yF 
In the Gaussian system of units, Eqs. (6.60) have the form 
2 , E, +(4/e) [voB] 
Ej=Ep E= 7p 
(6.64) 


4 |B, —(Ale) [vE] 
Bi=Bp B=- 7p 
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When B <1 (i.e: v9 <c), Eqs. (6.60) are simplified as follows: 
Ej, =Ey, E1 =E, +[voB.] 
, , 1 
Bi=Bp B1=B, —-5 [VEL] 


Adding these equations in pairs, we get 


E' = Ej) + Ey = Ey +E; + [voB ]= E+ [vB] } 
08 aeizole: 1 iiS VA (6:62 
B'= Bi + Bi = By + B, — -m [VEL ]=B— -7 [VEL] J 


Since the vectors vọ and By are collinear, their vector product 
equals zero. Hence, [voB] = [v,B,]-+[v.B,] = [v,B)]. Similarly, 
[vE] = [vE]. With this taken into account, Eqs. (6.62) can be 
given the form 


E’=E+(vB), B'=B— 4 [vE] (6.63) 


Fields are transformed by means of these equations if the relative 
velocity of the reference frames vp is much smaller than the speed 
of light in a vacuum c (vo < c). 

Equations (6.63) acquire the following form in the Gaussian system 
of units: 


EB’ =E++ [vB], "B' ZB- [yE] (6.64) 


In the example in the frame K considered at the beginning of this 
section in which the charge q travelled with the velocity vo parallel 
to a current-carrying wire, there was only the magnetic field By 
perpendicular to vo; the components By, E, and Ey equalled zero. 
According to Eqs. (6.60) in the frame K’ in which the charge q is at 
rest (this frame travels relative to K with the velocity v,), the com- 
ponent Bi equal to B,///1 — P? is observed and, in addition, the 
perpendicular component of the electric field E} = [vB] ]/V T — B* 

In the frame K, the charge experiences the force 


F = qlv,B)) (6.65) 


Since the charge q is at rest in the frame K’, it experiences in this 
frame only the electric force 


oe — 4{voB,] 6.66 

F ey a (6.66) 
A comparison of Eqs. (6.65) and (6.66) yields F = F'VT = P, 
which coincides with Eg. (6.52). 
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6.8. Current Loop in a Magnetic Field 


Let us see, how a loop carrying a current behaves in a magnetic 
field: We shall begin with a homogeneous field (B= const). Accord- 
ing to Eq. (6.44), a loop element dl experiences the force 


dF = I (dl, B) (6.67) 
The resultant of such forces is 
F= $1 [d], B) (6.68) 


Putting the constant quantities 7 and B outside the integral, we get 
F=I (gat), B] 


The integral gal equals zero, therefore. F = 0, Thus, the resultant 


force exerted on a current loop in a homogeneous magnetic field equals 
zero. This holds for loops of any shape (including non-planar ones) 
with an arbitrary arrangement of the loop relative to the direction 
of the field. Only homogeneity of the field isessential for the result- 
ant force to equal zero. 

In the following, we shall limit ourselves to a consideration of plane 
loops. Let us calculate the resultant torque set up by the forces 
(6.67) applied to a loop. Since the sum of these forces equals zero in 
a homogeneous field, the resultant torque relative to any point will 
be the same. Indeed, the resultant torque relative to point O. is 
determined, by the expression 

T= ft. dF) 
where r is the position vector drawn from point O to the point of 
application of the force dF. Let us take point O' displaced relative 


to O by the distance b. Hence, r = b-+-r’, and accordingly r~ 
=;-—b. Therefore, the resultant torque relative to point O' is 


T= fw, dF) = 1 [r — b), dF] = 
= ft, aF] = f {byodF),.= T lb, far) =f 


dF = 0), The torques calculated relative to two arbitrarily taken 


points O and O’ were found to coincide. We thus conclude that the 
torque does not depend on the selection of the point relative to which 
it is taken (compare with a couple of forces). 

Let us consider an arbitrary plane current loop in a homogeneous 
magnetic field B. Assume that the loop is oriented so that a positive 
normal to the loop n is at right angles to the vector B (Fig. 6.14). 
A normal is called’ positive if its direction is associated with that of 
the current in the loop by the right-hand screw rule. 
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Let us divide the area of the loop into narrow strips of width dy 
parallel to the direction of the vector B (see Fig. 6.14a; Fig. 6.140 is 
an enlarged view of one of these strips). The force dF, directed beyond 
the drawing is exerted on the loop element dl, enclosing the strip at 
the left. The magnitude of this force is dF, = IB dl, sin a, = 
= IB dy (see Fig. 6.14b). The force dF, directed toward us is exerted 
on the loop element dl, enclosing the strip at the right. The magnitude 
of this force isdF,= IB dl, sina,= 
= IB dy. 

The result we have obtained signi- 
fies that the forces applied to opposite 
loop elements dl, and dl, form a 
couple whose torque is 

dT = IBz dy = IB dS 
(dS is the area of a strip). A glance at 
Fig: 6.14 shows that the vector dT is 
perpendicular to the vectors n and B 


df, 


[ZZÁZZZZZZŽZZZZZZZZZZ di 


(a) and, consequently, can be written in 

dy the form 

ara ge dT = I [nB) ds 
{—----=---——"7" 2. Summation of thisequation over all the 
piar strips yields the torque acting on the 
(6) loop: 

= a 3 S 
Fig. 6.14 T fz {nBl ds =7 [ABI | ds ho 


(the field is assumed to be homogeneous, therefore the product [nB] 
is the same for all the strips and can be put outside the integral). 
The quantity Sin Eg. (6.69) is the area of the loop. 

Equation (6.69) can be written in the form 


T = [U/Sn), B] (6.70) 


This equation is similar to Eq. (1.58) determining the torque exerted 
on an electric dipole in an electric field. The analogue of E in 
Eq. (6.70) is the vector B, and that of theelectric dipole moment p 
is the expression JSn. This served as the grounds to call the quan- 
tity 

Pm = ISun (6.71) 


the magnetic dipole moment of a current loop. The direction of the 
vector Py coincides with that of a positive normal to the loop. 
Using the notation of Eq. (6.71), we can write Eq. (6.70) as follows: 


T = [Pm, B) (Pm LB) (6.72) 
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Now let us assume that the direction of the vector B coincides 
with that of a positive normal to the loop n and, therefore, with that 
of the vector Pm too (Fig. 6.15). In this case, the forces exerted on 
different elements of the loop are in one plane—that of the loop. The 


Fig. 6.15 Fig. 6.16 


force exerted on the loop element dl is determined by Eq. (6.67). 
Let us calculate the resultant torque produced by such forces relative 
to point O in the plane of the loop: 


T= jar = f fr dF] = Ilr, [dl, BI) 


(r is the pasition vector drawn from point O to the element dl). Let 
us transform the integrand by means of Eq. (1.35) of Vol. I, p. 32. 
The result is 


T = I ($B) d1 — ỌB (r, a} 


The first integral equals zero because the vectors r and B are mutual- 
ly perpendicular. The scalar product inside the second integral is 


rdr = +a (r?). The second integral can therefore be written in the 
form 
Bea) 


The total differential of the function r? is inside the integral. The 
sum of the increments of a function along a closed path is zero. 
Hence, the second addend in the expression for T is zero too. We 
have thus proved that the resultant torque T relative to any point 0 
in the plane of the loop is zero. The resultant torque relative to all 
other points has the same value (see above). lpi. 

Thus, when the vectors pm and B have the same direction, the 
magnetic forces exerted on separate portions of a loop do not tend 
to turn the loop nor shift it from its position. They only tend to 
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stretch the loop in its plane. If the vectors pm and B have opposite 
directions, the magnetic forces tend to compress the loop. 

Assume that the directions of the vectors pm and B form an arbitra- 
ry angle @ (Fig. 6.16). Let us resolve the magnetic induction B into 
two components: By parallel to the vector Pm and B, perpendicular 
to it, and consider the action of each component separately. The 
component B, will set up forces stretching or compressing the loop. 
The component B, whose magnitude is B sin æ will lead to the ap- 
pearance of a torque that can be calculated by Eq. (6.72): 


T = [pn B4] 
Inspection of Fig. 6.16 shows that 
[Pm Bi] = [pm, B) 


Consequently, in the most general case, the torque exerted on a plane 
current loop in a homogeneous magnetic field is determined by the 


equation 
T = [Pm, B) (6.73) 
The magnitude of the vector T is 
T = ppB sina (6.74) 


To increase the angle æ between the vectors pm and B by da, the 
following work must be done against the forces exerted on a loop in 
a magnetic field: 

dA = Tda = PmB sin ada (6.75) 


Upon turning to its initial position, a loop can return the work spent 
for its rotation by doing it on some other body. Hence, the work (6.75) 
goes to increase the potential energy Wy mech which a current loop 
has in a magnetic field, by the magnitude 


dW p, mech = PmB sin a dæ 
Integration yields 
Wp, mech = — PmB cosa + const 


Assuming that const = 0, we get the following expression: 
Wp, mech = —PmB cosa= — Pm B (6.76) 


[compare with Eq. (1.61)]. 

Parallel orientation of the vectors pm and B corresponds to the 
minimum energy (6.76) and, consequently, to the position of stable 
equilibrium of a loop. 

The quantity expressed by Eq. (6.76) is not the total potential 
energy of a current loop, but only the part of it that is due to the 
existence of the torque (6.73). To stress this, we have provided the 
symbol of the potential energy expressed by Eq. (6.76) with the 
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subscript “mech”. Apart from Wp, mecn, the total potential energy of 
a loop includes other addends. — . 

Now let us consider a plane current loop in an inhomogeneous 
magnetic field. For simplicity, we shall first consider the loop to be 
circular. Assume that the field changes the fastest in the direction z 
coinciding with that of B where the centre of the loop is, and that the 
magnetic moment of the loop is oriented along B (Fig. 6.17a). 

Here B Æ const, and Eq. (6.68) does not have to be zero. The force 
dF exerted on a loop element is perpendicular to B, i.e. to the 
magnetic field line where it intersects dl. Therefore, the forces ap- 
plied to different loop elements form a symmetrical conical fan 


Fig. 6.47 


(Fig. 6.176). Their resultant F is directed toward a growth in B and 
therefore pulls the loop into the region with a stronger field. It is 
quite obvious that the greater the field changes (the greater is OB/dz), 
the smaller is the apex angle of the cone and the greater, other condi- 
tions being equal, is the resultant force F. If we reverse the direction 
of the current (now Pm is antiparallel to B), the directions of all the 
forces dF and of their resultant F will be reversed (Fig. 6.17c). Hence, 
with such a mutual orientation of the vectors Pm and B, the loop 
will be pushed out of the field. 

It is a simple matter to find a quantitative expression for the force 
F by using Eq. (6.76) for the energy of a loop in a magnetic field. 
If the orientation of the magnetic moment relative to the field re- 
mains constant (œ = const), then Wp, meen will depend only on x 
(through B). Differentiating Wp, mech with respect to z and changing 
the sign of the result, we get the projection of the force onto the 
a-axis: 


ôW p, mech ôB 
a Purge ote 


We assume that the field changes only slightly in the other directions. 
Hence, we may disregard the projections of the force onto the other 
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axes and assume that F = F,. Thus, 


F= pm 2 cosa (6.77) 


According to the equation we have obtained, the force exerted on 
a current loop in an inhomogeneous magnetic field depends on the 
orientation of the magnetic moment of the loop relative to the direc- 
tion of the field. If the vectors pm and B coincide in direction (a = 
= 0), then the force is positive, i.e. is directed toward a growth in B 
(0B/dz is assumed to be positive; otherwise the sign and the direction 
of the force will be reversed, but the force will pull the loop into the 
region of a strong field as before). If Pm and B are antiparallel (a = 
= x), the force is negative, i.e. directed toward diminishing of B. 
We have already obtained this result qualitatively with the aid of 
Fig. 6.17. 

It is quite evident that apart from the force (6.77), a current loop 
in an inhomogeneous magnetic field will also experience the 
torque (6.73), 


6.9. Magnetic Field of a Current Loop 
Let us consider the field set up by a current flowing in a thin 


wire having the shape of a circle of radius R (a ring current). We shall 
determine the magnetic induction at the centre of the ring current 


M 
a 
fe | 
; 
I 


Fig. 6.18 Fig. 6.19 


(6) 


(Fig. 6.18). Every current element produces at the centre an induc- 
tion directed along a positive normal to the loop. Therefore, vector 
summation of the dB’s consists in summation of their magnitudes. 
By Eq. (6.29), 

Idi 

R? 

(a = x/2). Let us integrate this expression over the entire loop: 


I I 2 (InR?) 
B= | dB= 72 ay hala py nk = fe 


— Ho 
aD = 
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The expression in parentheses is the magnitude of themagnetic dipole 

moment Pm [see Eq. (6.71)]. Hence, the magnetic induction at the 
centre of a ring current has the value 
2p, 

B= oa aa (6.78) 

Inspection of Fig. 6.18 shows that the direction of the vector B 

coincides with that of a positive normal to the loop, i.e. with that of 

the vector pm. Therefore, Eq. (6.78) can be written in the vector 

form: 


— Ho Pm 
B= T (6.79) 

Now let us find B on the axis of the ring current at the distance of r 
from the centre of the loop (Fig. 6.19). The vectors dB are perpendic- 
cular to the planes passing through the relevant element dl and the 
point where we are seeking the field. Hence, they form a symmetrical 
conical fan (Fig. 6.19b). We can conclude from considerations of 
symmetry that the resultant vector B is directed along the axis of 
the loop. Each of the component vectors dB contributes dB, equal 
in magnitude to dB sin B = dB (R/b) to the resultant vector. The 
angle a between dl and b is a right one, hence 


dBy = dB ae an 
Integrating over the entire loop and substituting VR? +? forb, 
we obtain 
& =e, IR Lito IR oR = 
B= | daBy= 4e Gde p R= 
ua 2(InR?) _ po __ 2Pm 
an (RPF rPe fs (RP 978 (6.80) 
This equation determines the magnitude of the magnetic induction on 
the axis of a ring current. With a view to the vectors B and pm having 
the same direction, we can write Eq. (6.80) in the vector form: 
-H 2Pm 
B= (R2--r3)3/2 (6.81) 
This expression does not depend on the sign of r. Hence, at points on 
the axis symmetrical relative to the centre of the current, B has the 


same magnitude and direction. F 
When r = 0, Eq. (6.81) transforms, as should be expected, into 


Eq. (6.79) for the magnetic induction at the centre of a ring current. 
For great distances from a loop, we may disregard R? in the de- 
nominator in comparison with r?°. Equation (6.81) now becomes 


B= Hs 2Pm (along the current axis) (6.82) 


which is similar to Eq. (4.55) for the electric field strength along the 
axis of a dipole. 
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Calculations beyond the scope of the present book show that a mag- 
netic dipole moment pm can be ascribed to any system of currents or 
moving charges localized in a restricted por- 
tion of space (compare with the electric dipole 
moment of a system of charges). The magnetic 
field of such a system at distances that are 
great incomparison with its dimensions is de- 
termined through Pm using the same equations 
as those used to determine the field of a system 
of charges at great distances through the elec- 
tric dipole moment (see Sec. 1.10). In partic- 
ular, the field of a plane loop of any shape at 
great distances from it is 

B= ft Pa V1+ 300s? 6 (6.83) 
where r is the distance from the loop to the 
given point, and @ is the angle between the 

Fig. 6.20 direction of the vector pm and the direction 

from the loop to the given point of the field 

[compare with Eq. (4.53)]. When 8 = 0, Eq. (6.83) gives the same 
value as Eq. (6.82) for the magnitude of the vector B. 

Figure 6.20 shows the magnetic field lines of a ring current. It 
shows only the lines in one of the planes passing through the current 
axis. A similar picture will be observed in any of these planes. 

It follows from everything said in the preceding and this sections 
that the magnetic dipole moment is a very important characteristic 
of a current loop. It determines both the field set up by a loop and 
the behaviour of the loop in an external magnetic field. 


6.10. Work Done When a Current Moves 
in a Magnetic Field 


Let us consider a current loop formed by stationary wires and 
a movable rod of length J sliding along them (Fig. 6.21). Let the 
loop be in an external magnetic field which we shall assume to be 
homogeneous and at right angles to the plane of the loop. With the 
directions of the current and field shown in the figure, the force F 
exerted on the rod will be directed to the right and will equal 


F = TB 
When the rod moves to the right by dh, this force does the positive 
work 
dA = F dh = IBl dh = IB aS (6,84) 


where dS is the hatched area (see Fig. 6.212). 
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Let us see how the magnetic induction flux © through the area of 
the loop will change when the rod moves. We shall agree, when cal- 
culating the flux through the area of a current loop, that the quantity 
n in the equation 


o= Bn as 


is a positive normal, i.e. one that forms a right-handed system with 
the direction of the current in the loop (see Sec. 6.8). Hence in the 
case shown in Fig. 6.24a, the flux will be positive and equal to BS 


Fig. 6.24 


(S is the area of the loop). When the rod moves to the right, the area 
of the loop receives the positive increment dS. As a result, the flux 
also receives the positive increment dD = B dS. Equation (6.84) 
can therefore be written in the form 

dA =I d® (6.85) 
When the field is directed toward us (Fig. 6.216), the force exerted on 
the rod is directed to the left. Therefore when the rod moves to the 
right through the distance dh, the magnetic force does the negative 


work 

dA = —IBI dh = —IB dS (6.86) 
In this case, the flux through the loop is —BS. When the area of the 
loop grows by dS, the flux receives the increment dD = — B dS 


Hence, Eq. (6.86) can also be written in the form of Eq. (6.85). 

The quantity dD in Eq. (6.85) can be interpreted as the flux through 
the area covered by the rod when it moves. Wecan say accord- 
ingly that the work done by the magnetic force on a portion of 
a current loop equals the product of the current and the magnitude 
of the magnetic flux through the surface covered by this portion 
during its motion. } : 

Equations (6.84) and (6.86) can be combined into a single vector 
expression. For this purpose, we shall compare the vector l having 
the direction of the current with the rod (Fig. 6.22). Regardless of 
the direction of the vector B (toward us or away from us), the force 
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exerted on the rod can be represented in the form 
F = J [1B] 
When the rod moves through the distance dh, the force does the work 
dA = F dh = J [1B) dh 


Let us perform a cyclic transposition of the multipliers in this triple 


B dh H B dh 
è Fany FAA 
d5=ldh, v] S= [[dh,b}/ 
AA v 
(a) (6) 
Fig. 6.22 


scalar product [see Eq. (1.34) of Vol. I, p. 34]. The result is 
dA = IB (dh, 1) (6.87) 


A glance at Fig. 6.22 shows that the vector product [dh, 1] equals 
in magnitude the area dS described by the rod during its motion and 
has the direction of a positive normal n. 


B Hence, 
nds ab T dA = IBn dS (6.88) 
In the case shown in Fig. 6.22a, we have 
ch Bn = B, and we arrive at Eq. (6.84). In the 


Fig. 6.23 case shown in Fig. 6.22b, we have Bn = — B, 
and we arrive at Eq. (6.86). 

The expression Bn dS determines the increment of the magnetic 
flux through the loop due to motion of the rød. Thus, Eq. (6.88) can 
be written in the form of (6.85). But Eq. (6.88) has an advantage 
over (6.85) because we “automatically” get the sign of d® from it 
and, consequently, the sign of dA too. 

Let us consider a rigid current loop of any shape in an arbitrary 
magnetic field. We shallfind the work done upon an arbitrary infi- 
nitely small displacement of the loop. Assume that the loop element 
dl was displaced by dh (Fig. 6.23). The magnetic force does the 
following work on it: 


dAa=I (dl, B] dh (6.89) 


Here B is the magnetic induction at the place where the loop ele- 
ment dl is. 
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Performing a cyclic transposition of the multipliers in Eq. (6.89), 
we get ; 


dA. = IB [dh, dl} (6.90) 


The magnitude of the vector product [dh, dl] equals the area of a par- 
allelogram constructed on the vectors dh and dl, i.e. the area dS 
described by the element dl during its motion. The direction of the 
vector product coincides with that of a positive normal to the area 
dS. Consequently, 


B [dh, dl] = Bn dS = dq (6.91) 


where d®,, is the increment of the magnetic flux through the loop 
due to the displacement of the loop element dl. 
With a view to Eq. (6.91), we can write Eq. (6.90) in the form 


dA =I dOa (6.92) 


Summation of Eq. (6.92) over all the loop elements yields an expres- 
sion for the work of the magnetic forces upon an arbitrary infinitely 
small displacement of the loop: 


dA= f dAg = f IdO =I f dba = I d® (6.93) 


(d® is the total increment of the flux through the loop). 
To find the work done upon a finite arbitrary displacement ofa loop, 
let us integrate Eq. (6.93) over the entire loop: 


dus f dA=I f d®=I(®,—0,) (6.94) 


Here Ď, and @, are the values of the magnetic flux through the 
loop in its initial and final positions. The work done by the magnetic 
forces on the loop thus equals the product of the current and the 
increment of the magnetic flux through the loop. 

In particular, when a plane loop rotates in a homogeneous field 
from a position in which the vectors pm and B are directed oppositely 
(in this position ® = —BS) to a position in which these vectors 
have the same direction (in this position © = BS), the magnetic 
forces do the following work on the loop: 


A = {BS — (—BS)} = 2IBS 
The same result isobtained with the aid of Eq. (6.91) for the poten- 
tial energy of a loop in a magnetic field: 
A=W mt— Wan = PmB —(— PmB) = 2PmB = 21SB 


(Pm = IS). : 

We must note that the work expressed by Eq. (6.94) is done not 
at the expense of the energy of the external magnetic field, but at 
the expense of the source maintaining a constant current in the 
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loop. We shall show in Sec. 8.2 that when the magnetic flux through 
a loop changes, an induced e.m.f. 6; = — (d@/dt) is set up in the 
loop. Hence, the source in addition to the work done to liberate the 
Joule heat must also do work against the induced e.m.f. determined 
by the expression 


A= | aa=—J ëa at= | $Id = f Id®=1(®,—9,) 


that coincides with Eq. (6.94). 


6.11. Divergence and Curl 
of a Magnetic Field 


The absence of magnetic charges in nature* results in the fact that 
the lines of the vector B have neither a beginning nor an end. There- 
fore, in accordance with Eq. (1.77), the flux of the vector B through 
a closed surface must equal zero. Thus, for any magnetic field and 
an arbitrary closed surface, the condition 


®,=$ BaS=0 (6.95) 
8 


is observed. This equation expresses Gauss’s theorem for the vector B: 
the flux of the magnetic induction vector through any closed surface 
equals zero. 

Substituting a volume integral for the surface one in Eq. (6.95) 
in accordance with Eq. (4.108), we find that 


[vat mp 


The condition which we have arrived at must be observed for any 
arbitrarily chosen volume V. This is possible only if the integrand at 
each point of the field is zero. Thus, a magnetic field has the property 
that its divergence is zero everywhere: 


vB =0 (6.96) 


Let us now turn to the circulation of the vector B. By definition, 
the circulation equals the integral 


$ Bdl (6.97) 


* The British physicist Paul Dirac made the assumption that magnetic charges 
(called Dirac’s monopoles) should exist in nature. Searches for these charges 
have meanwhile given no results and the question of the existence of Dirac 8 
monopoles remains open. 
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It is the simplest to calculate this integral for the field of a line 
current. Assume that a closed loop is in a plane perpendicular 
to the current (Fig. 6.24; the current is perpendicular to the plane of 
the drawing and is directed beyond the drawing). At each point of 
the loop, the vector B is directed along a tangent to the circumference 
passing through this point. Let'us substitute Bdl, for B dl in the 
expression for the circulation (dl , is the projection of a loop element 
onto the direction of the vector B). Inspection of the figure shows that 


Fig 6.24 


dlp equals b da, where b is the distance from the wire carrying the 
current to dl, and da is the angle through which a radial straight line 
turns when it moves along the loop over the element dl. Thus, intro- 
ducing Eq. (6.30) for B, we get 


Bal=B din =} 2L b da= da (6.98) 


With a view to Eq. (6.98), we have 
Hol 
$Ba=5 $ da (6.99) 


Upon circumvention of the loop enclosing the current, the radial 
straight line constantly turns in one direction, therefore § da = Qn. 


Matters are different if the current is not enclosed by the loop 
(Fig. 6.246). Here upon circumvention of the loop, the radial straight 
line first turns in one direction (segment 7-2), and then in the 


opposite one (2-7), owing to which § da equals zero. With a view to 
this result, we can write that 
OB dl = pol (6.100) 


where J must be understood as the current enclosed by the loop. If 
the loop does not enclose the current, the circulation of the vector B 
is zero. 


10—7796 
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The sign of expression (6.400) depends on the direction of circum- 
vention of the loop (the angle œ is measured in the same direction), 
If the direction of circumvention forms a right-handed system with 
the direction of the current, quantity (6.100) is positive, in the oppo- 
site case it is negative. The sign can be taken into consideration by 
assuming J to be an algebraic quantity. A current whose direction is 


p 


Fig. 6.25 Fig. 6.26 


associated with that of circumvention of a loop. by the right-hand 
screw rule must be considered Positive; a current of the opposite 
direction will be negative. 

Equation (6.100) will allow us to easily recall Eq. (6.30) for B 
of the field of a line current. Imagine a plane loop in the form of 
a circle of radius b (Fig. 6.25). At each point of this loop, the vector B 
has the same magnitude and is directed along a tangent to the circle. 
Hence, the circulation equals the product of B and the length of the 
circumference 2nb, and Eq. (6.100) has the form 


B x 2nb = pl 


Thus, B = ptoI/2nb [compare with Eq. (6.30)). 

The case of a non-planar loop (Fig. 6.26) differs from that of a plane 
one considered above only in that upon motion along the loop the 
radial straight line not only turns about the wire, but also moves 
along it. All our reasoning which led us to Eq. (6.100) remains true 
if we understand da to be the angle through which the projection of 
the radial straight line onto a plane perpendicular to the current 
turns, The total angle of rotation of this projection is 2x if the loop 
encloses the current, and zero otherwise. We thus again arrive at 
Eq. (6.100). 

We have obtained Eq. (6.100) for a line current. We can show that 
it also holds for a current flowing in a wire of an arbitrary shape, for 
example for a ring current. 
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Assume that a loop encloses several wires carrying currents. Owing 
to the superposition principle [see Eq. (6.16)]: 


§ Bdl=$( >, B) a= > Bal 
h k 
Each of the integrals in this sum equals poJ,. Hence, 
Q Bal= po > Ir (6.404) 
k 


(remember that J, is an algebraic quantity). 

If currents flow in the entire space where a loop is, the algebraic 
sum of the currents enclosed by the loop can be represented in the 
form 


Zam fias = f inas (6.102) 
k 


8 


The integral is taken over the arbitrary surface S enclosing the 
loop. The vector j is the current density at the point where area 
element dS is; n is a positive normal to this element (i.e. a normal 
forming a right-handed system with the direction of circumvention 
of the loop in calculating the circulation). 

Substituting Eq. (6.402) for the sum of the currents in Eq. (6.101), 
we obtain 


§Ba-w f jas 


Transforming the left-hand side according to Stokes’s theorem, 
we arrive at the equation 


f [VB] d=» | 548 


This equation must be obeyed with an arbitrary choice of the sur- 
face S over which the integrals are taken. This is possible only if the 
integrands have identical values at every point. We thus arrive at 
the conclusion that the curl of the magnetic induction vector is 
proportional to the current density vector at the given point: 


[VB] = poi (6.103) 


The proportionality constant in the SI system is po. 
We must note that Eqs. (6.101) and (6.103) hold only for the 
field in a vacuum in the absence of time-varying electric fields. 
Thus, we have found the divergence and curl of a magnetic field 
in a vacuum. Let us compare the equations obtained with the simi- 
lar equations for an electrostatic field in a vacuum. According to 


10* 
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Eqs: (1.117), (4.112), (6.96), and (6.403): 
VE=~p [VE]=0 


(thedivergenceof E equals (the curl of E equals zero) 
p divided by Aes re 


VB=0 [VB] = mj 

(the divergence of B equals (the curl of B equals 

zero) multiplied by pa) 
A comparison of these equations shows that an electrostatic and 
a magnetic field are of an appreciably different nature. The curl of 
an electrostatic field equals zero; consequently, an- electrostatic 
field is potential and can be characterized by the scalar potential ọ. 
The curl of a magnetic field at points where there is a current differs 
from zero. Accordingly, the circulation of the vector B is proportional 
to the current enclosed by a loop. This is why we cannot ascribe to 
a magnetic field a scalar potential that would be related to B by 
an equation similar to Eq. (1.41). This potential would not be 
unique—upon each circumvention of the loop and return to the 
initial point it would receive an increment equal to pol. A field 
whose curl differs from zero is called a vortex or a solenoidal one. 
Since the divergence of the vector B is zero everywhere, this 

vector can be represented as the curl of a function A: 


B = [VA] (6.104) 


the divergence of a curl always equals zero; see Eq. (1.106)]. The 
function A is called the vector potential. A treatment of the vector 
potential is beyond the scope of the present book. 


6.12. Field of a Solenoid and Toroid 


A solenoid is a wire wound in the form of a spiral onto a round 
cylindrical body. The magnetic field lines of a solenoid are arranged 
approximately as shown in Fig. 6.27. The direction of these lines 
inside the solenoid forms a right-handed system with the direction of 
the current in the turns. 

A real solenoid has a current component along its axis. In addi- 
tion, the linear density of the current jun (equal to the ratio of the 
current dI to an element of solenoid length dl) changes periodically 
along the solenoid. The average value of this density is 


Gun) = (3p) <nt (6.105) 


where n = number of solenoid turns per unit length 
I = current in the solenoid. 
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In the science of electromagnetism, a great part is played by an 
imaginary infinitely long solenoid having no axial current component 
and, in addition, having a constant linear current density jiin along 
its entire length. The reason for this is that the field of such a sole- 
noid is homogeneous and is bounded by the volume of the solenoid 
(similarly, the electric field of an infinite parallel-plate capacitor 
is homogeneous and is bounded by the volume of the capacitor). 


Fig. 6.27 


In accordance with what has been said above, let us imagine a sole- 
noid in the form of an infinite thin-walled cylinder around which 
flows a current of constant linear density 

jin =n (6.106) 


Let us divide the cylinder into identical ring currents—“turns”. 
Examination of Fig. 6.28 shows that each pair of turns arranged 
symmetrically relative to a plane perpendicular to the solenoid 
axis sets up a magnetic induction parallel to the axis at any point 
of this plane, Hence, the resultant of the field at any point inside 
and. outside an infinite solenoid can only have a direction parallel 
to the axis. f 

It can be seen from Fig. 6.27 that the directions of the field inside 
and outside a finite solenoid are opposite. The directions of the fields 
do not change when the length of a solenoid is increased, and in 
the limit, when l—> oo, they remain opposite. In an infinite sole- 
noid, as in a finite one, the direction of the field inside the solenoid 
forms a right-handed system with the direction in which the current 
flows around the cylinder. f 

It follows from the vector B and the axis being parallel that the 
field both ihside and outside an infinite solenoid must be homogeneous. 
To prove this, let us take an imaginary rectangular loop 1-2-3-4 
inside a solenoid (Fig. 6-29; 4-7 is along the axis of the solenoid). 
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Passing clockwise around the loop, we get the value (B, — Ba 
for the circulation of the vector B. The loop does not enclose the 
currents, therefore the circulation must be zero [see Eq. (6.101)]. 
Hence it follows that B, = B,. Arranging section 2-3 of the loop at 
any distance from the axis, we shall always find that the magnetic 
induction B, at this distance equals the induction B, on the solenoid 
axis. Thus, the homogeneity of the field inside the solenoid has been 
proved. 

Now let us turn to loop 7'-2'-3'-4'. We have depicted the vectors 
B; and B; by a dash line since, as we shall find out in the following, 
the field outside an infinite solenoid is zero. Meanwhile, all that 


Fig. 6.29 Fig. 6.30 


we know is that the possible direction of the field outside the solenoid 
is opposite to that of the field inside it. Loop 7'-2'-3'-4' does not 
enclose the currents; therefore, the circulation of the vector B’ 
around this loop, equal to (B; — B;) a, must be zero. It thus follows 
that B; = B;. The distances from the solenoid axis to sections 7'-4' 
and 2'-3’ were taken arbitrarily. Consequently, the value of B’ 
at any distance from the axis will be the same outside the solenoid. 
Thus, the homogeneity of the field outside the solenoid has been 
proved too, t 

The circulation around the loop shown in Fig. 6.30 is a (B + B’) 
(for clockwise circumvention). This loop encloses a positive current 
of magnitude jiin a. In accordance with Eq. (6.101), the following 
equation must be observed: 


a (B+ B’) = pojma 
or after cancelling a and replacing jin with nI [see Eq. (6.106)] 
B+B' = nI (6.107) 


This equation shows that the field both inside and outside an infinite 
solenoid is finite. 


| 
| 
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Let us take a plane at right angles to the solenoid axis (Fig. 6.31). 
Since the field lines B are closed, the magnetic fluxes through the 
inner part S of this plane and through its outer part S’ must be 
the same. Since the fields are homogeneous and normal to the plane, 
each of the fluxes equals the product of the relevant value of the 
magnetic induction and the area penetrated by the flux. We thus 
get the expression 

BS = B'S' 


The left-hand side of this equation is finite, the factor S’ in the 
right-hand side is infinitely great. Hence, it follows that B’ = 0. 
Thus, we have proved that the magnetic induction outside an 
infinitely long solenoid is zero. The field inside the solenoid is homo- 


Fig. 6.34 Fig. 6.32 


geneous, Assuming in Eq. (6.107) that B’ = 0, we arrive at an 
equation for the magnetic induction inside a solenoid: 


B = ponl (6:108) 


The product nI is called the number of ampere-turns per metre. 
At n = 1000 turns per metre and a current of 1 A, the magnetic 
induction inside a solenoid is 4n X 10-* T = 4n Gs. : 

The symmetrically arranged turns make an identical contribution 
to the magnetic induction on the axis of a solenoid [see Eq. (6.81). 
Therefore, at the end of a semi-infinite solenoid, the magnetic induc- 
tion on its axis equals half the value given by Eq. (6.108): 


B=4 ponl (6.109) 


Practically, if the length of a solenoid is considerably greater 
than its diameter, Eq. (6.108) will hold for points in the central 
part of the solerioid, and Eq. (6.109) for points on its axis near its 
ends, 
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A toroid is a wire wound onto a body having the shape of a torus 
(Fig. 6.32). Let us take a loop in the form of a circle of radius r 
whose centre coincides with that of a toroid. Owing to symmetry, 
the vector B at every point must be directed along a tangent to the 
loop. Hence, the Circulation of B is 


Baäl =B X Qur 


(B is the magnetic induction at the points through which the loop 
passes), 

If a loop passes inside a toroid, it encloses the current 2nRnJ 
(R is the radius of the toroid, and n is the number of turns per unit 
of its length). In this case 


Bx2nr = po2nRnl 
whence 
B= pnl Ë (6.110) 


A loop passing outside a toroid encloses no currents, hence we 
have B X 2nr = 0 for it. Thus, the magnetic induction outside 
a toroid is zero. 

For a toroid whose radius R considerably exceeds the radius of 
a turn, the ratio R/r for all the points inside the toroid differs only 
slightly from unity, and instead of Eq. (6.110) we get an equation 
coinciding with Eq. (6.108) for an infinitely long solenoid. In this 


toroid only conditionally, bearing in mind the identical magnitude 
of B. 

A real toroid has a current component along its axis, This compo- 
nent sets up a field similar to that of a ring current in addition to 
the field given. by Eq. (6.110). 


CHAPTER 7... MAGNETIC. FIELD 
IN A SUBSTANCE 


7.4. Magnetization of a Magnetic 


We assumed in the preceding chapter that the conductors carrying 
a current are in a vacuum. If the conductors carrying a current are 
in a medium, the magnetic field changes. The explanation is that 
any substance is a magnetic, i.e. is capable of acquiring a magnetic 
moment under the action of a magnetic field (of becoming magne- 
tized), The magnetized substance sets up the magnetic field B’ that 
is superposed onto the field Bọ produced by the currents. Both fields 
produce the resultant field 


B=B,+B’ (7.4) 


[compare with Eq. (2.8)]. 

The true (microscopic) field in a magnetic’ varies greatly within 
the limits of intermolecular distances. By B is meant the averaged 
(macroscopic) field (see Sec. 2.3). 

To explain the magnetization of bodies, Ampere assumed that ring 
currents (molecular currents) circulate in the molecules of a sub- 
stance. Every such current hasa magnetic moment and sets up a mag- 
netic field in the surrounding space. In the absence of an external 
field, the molecular currents are oriented chaotically, owing to which 
the resultant field set up by them equals zero. The total magnetic 
moment of a body also equals zero because of the chaotic orientation 
of the magnetic moments of its separate molecules. The action of 
a field causes the magnetic moments of the molecules to acquire 
a predominating orientation in one direction, owing to which the 
magnetic becomes magnetized—its total magnetic moment becomes 
other than zero. The magnetic fields of individual molecular currents 
in this case no longer compensate one another, and the field B” 
appears. À 

It is quite natural to characterize the magnetization of a magnetic 
by the magnetic moment of unit volume. This quantity is called 
the magnetization and is denoted by the symbol M. If a magnetic 
is magnetized inhomogeneously, the magnetization at a given point 
is determined by the following expression: 

S Pm 
_ 
M=- (7.2) 
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where AY is an infinitely small volume (from the physical viewpoint) 
taken in the vicinity of the point being considered, and pm is the 
magnetic moment of a separate molecule. Summation is performed 
over oh ed molecules confined in the volume AV [compare with 
Eq. (2.4)]. 

The field B’, like the field By, has no sources. Therefore, the diver- 
gence of the resultant field given by Eq. (7.4) is zero: 


VB=VB,)-+ VB’ =0 (7.3) 


Thus, Eq. (6.96) and, consequently, Eq. (6.95), hold not only for 
a field in a vacuum, but also for a field in a substance. 


7.2. Magnetic Field Strength 


Let us write an expression for the curl of the resultant field (7.1): 
[VB] = [VB] + [VB'] 


According to Eq. (6.103), [VB,] = poj, where j is the density of 
the macroscopic current. Similarly, the curl of the vector B’ must 
be proportional to the density of the molecular currents: 


[VB’] = pojmoi 
Consequently, the curl of the resultant field is determined by the 
equation 


[VB] = po (i+ jmo!) (7.4) 


Inspection of Eq. (7.4) shows that when calculating the curl of 
a field in a magnetic, we encounter a difficulty similar to that which 
we encountered when dealing with an electric field in a dielectric 
[see Eq. (2.16)]: to determine the curl of B, we must know the den- 
sity not only of the macroscopic, but also of the molecular currents. 
But the density of the molecular currents, in turn, depends on the 
value of the vector B. The way of circumventing this difficulty is 
also similar to the one we took advantage of in Sec. 2.5. We are able 
to find such an auxiliary quantity whose curl is determined only 
by the density of the macroscopic currents. 

To find the form of this auxiliary quantity, let us attempt to 
express the density of the molecular currents jmo) through the mag- 
netization of a magnetic M (in Sec. 2.5 we expressed the density 
of the bound charges through the polarization of a dielectric P). 
For this purpose, let us calculate the algebraic sum of the molecular 
currents enclosed by a loop T. This sum is 


j imoi dS (1.5) 


where S is the surface enclosing the loop. 
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The algebraic sum of the molecular currents includes only the 
molecular currents that are “threaded” onto the loop (see the current 
Inoi in Fig. 7.1).'The currents that are not “threaded” onto the loop 
either do not intersect the surface enclosing the loop atall, or inter- 
sect it twice—once in one direction and once in the opposite one (see 
the current Iho; in Fig. 7.4). As a result, their contribution to the 
algebraic sum of the currents enclosed by the loop equals zero. 

A glance at Fig. 7.2 shows that the contour element dl making 
the angle a with the direction of magnetization M threads onto itself 


Fig. 7.4 


those molecular currents whose centres are inside an oblique cylin- 
der of volume Smor cos œ dl (where Sino) is the area enclosed by a sep- 
arate molecular current). If n is the number of molecules in unit 
volume, then the total current enclosed by the element, dl is 
TmoitSmo, cos. dl. The product JmorSmo: equals the magnetic mo- 
ment pm of an individual molecular current. Hence, the expression 
ImoiSmoi n is the magnetic moment of unit volume, i.e. it gives 
the magnitude of the vector M, while JmoSmoim cos œ gives the 
projection of the vector M onto the direction of the element dl. 
Thus, the total molecular current enclosed by the element dl is 
M dl, while the sum of the molecular currents enclosed by the entire 


loop [see Eq. (7.5)] is 
j jmo dS = $ Mdl 
T 


Transforming the right-hand side according to Stokes’s theorem, 
we get 


j imo dS = | [VM] dS 


The equation which we have arrived at must be obeyed when the 
surface S has been chosen arbitrarily. This is possible only if the 
integrands are equal at every point of a magnetic: 

jmo = [VM] (7.6) 
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Thus, the density of the molecular currents is determined by the 
value of the curl of the magnetization. When [VM]= 0, the molec- 
ular currents of individual molecules are oriented so that their 
sum on an average is zero. 

Equation (7.6) allows us to make the following illustrative inter- 
pretation. Figure 7.3 shows the magnetization vectors M; and M, 
in direct proximity to a certain point P. This point and both vectors 

are in the plane of the drawing. Loop T 
[vM] depicted bya dash line is also in the plane 
ty of the drawing. If the nature of the mag- 
netization is such that the vectors M, and 
M, are identical in magnitude, then the 
circulation of M around loop T will be 
zero. Accordingly, [VM] at point P will 
also be zero. 

The molecular currents ij and i, flow- 
ing in the loops depicted in Fig. 7.3 by 


Ja solid lines can be compared with the mag- 
z netizations M, and Mg. These loops are in 
Fig. 7.3 a plane normal tothe plane ofthe draw- 


ing. With an identical direction of the 
vectors M, and M,, the directions of the currents i; and i, at point P 
will be opposite. Since M, = M,, the currents i; and i; are identical 
in magnitude, owing to which the resultant molecular current at 
point P, like [VM], will be zero: jmo, = 0. 

Now let us assume that M, >M,. Therefore, the circulation of M 
around loop IP will differ from zero. Accordingly, the field of the 
vector M at point P will be characterized by the vector [VM] directed 
beyond the drawing. A greater molecular current corresponds to 
a greater magnetization; hence, i; >i;. Consequently, at point P 
there will be observed a resultant current other than zero character- 
ized by the density jmo- The latter, like [YM], is directed beyond 
the drawing. When M, < M,, the vectors [VM] and jmo) will be 
directed toward us instead of beyond the drawing. 

Thus, at points where the curl of the magnetization is other than 
zero, the density of the molecular currents also differs from zero, 
the vectors [VM] and jmo having the same direction [see Eq. (7.6)]- 

Let us introduce Eq. (7.6) for the density of the molecular currents 
into Eq. (7.4): 


[VB] = poj + po [VM] 


Dividing this equation by pọ and combining the curls, we get 


[v (Rm) J+ an 


Magnetic Field in a Substance 157 
kw eee eeudstence 1S 


Whence it follows that 
B 
H= R M (7.8) 


is our required auxiliary quantity whose curl is determined only 
by the macroscopic currents, This quantity is called the magnetic 
field strength. 
In accordance with Eq. (7.7), 
[VH] = j (7.9) 


(the curl of the vector H equals the vector of the density of the macro- 
scopic currents). 

Let us take an arbitrary loop I enclosed by surface S and form 
the expression 


f (VE1aS =f jas 
8 


According to Stokes's theorem, the left-hand side of this equation 
is equivalent to the circulation of the vector H around loop T. 
Hence, 


gaas fias (7.40) 
r 


If macroscopic currents flow through wires enclosed by a loop, 
Eq. (7.10) can be written in the form 


§Hdl= SI (7.11) 
k 


Equations (7,40) and (7.11) express the theorem on the circulation 
of the vector H: the circulation of the magnetic field strength vector 
around a loop equals the algebraic sum of the macroscopic currents 
enclosed by this loop. 

The magnetic field strength His the analogue of the electric displace- 
ment D. It was! originally assumed that magnetic masses similar 
to electric charges exist in nature, and the science of magnetism 
developed along the lines of that of electricity. Back in those times, 
the relevant names were introduced: the “magnetic induction” for 
B and the “field strength” (formerly “field intensity”) for H. It was 
later established that no magnetic masses exist in nature and that 
the quantity called the magnetic induction is actually the analogue 
not of the electric displacement D, but of the electric field strength E 
(accordingly, H is the analogue of D instead of E). It was decided 
not to change the established terminology, however, moreover 
because owing to the different nature of an electric and a magnetic 
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field (an electrostatic field is potential, a magnetic one is solenoidal*), 
the quantities B and D display many similarities in their behaviour 
(for example, the B lines, like the D lines, are not disrupted at the 
interface between two media). 

In a vacuum, M = 0, therefore H transforms into B/) and Eqs. 
(7.9) and (7.11) transform into Eqs. (6.103) and (6.101). 

In accordance with Eq. (6.30), the strength of the field of a line 
current in a vacuum is determined by the expression 
wilde (7.12) 
whence it can be seen that the magnetic field strength has a dimension 
equal to that of current divided by that of length. In this connection, 
the SI unit of magnetic field strength is called the ampere per me- 
tre (A/m). 

In the Gaussian system, the magnetic field strength is defined 
as the quantity 

H = B — 4nM (7.13) 


It follows from this definition that ina vacuum H coincides with B. 
Accordingly, the unit of H in the Gaussian system, called the oersted 
(Oe), has the same value and dimension as the unit of magnetic 
induction—the gauss (Gs). In essence, the oersted and gauss are 
different names of the same unit. If the latter measures H, it is 
called the oersted, and if it measures B—the gauss. 

It is customary practice to associate the magnetization not with 
the magnetic induction, but with the field strength. It is assumed 
that at every point of a magnetic 


M = ynH (7.14) 


where Xm is a quantity characteristic of a given magnetic and called 

the magnetic susceptibility**. Experiments show that for weakly 

magnetic (non-ferromagnetic) substances in not too strong fields 

Xm is independent of H. According to Eq. (7.8), the dimension of H 

coincides with that of M. Hence, Xm is a dimensionless quantity. 
Using Eq. (7.14) for M in Eq. (7.8), we get 


N ell ba Xml 
Ho 
whence 


B 
= 7.45 
a Ho (1+ Xm) sie 


* A solenoidal field is onehavingno sources, At each point of such a field, 
the divergence is zero. ` 
** In anisotropic media, the directions of the vectors M and H, generally 
PRR do not coincide. For such media, the relation between the vectors 
and H is achieved by means of the magnetic susceptibility tensor (see the foot- 
note on p, 63). 
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The dimensionless quantity 
b=1+ Ym ; (7.16) 


is called the relative permeability or simply the permeability of a sub- 
stance*. j 

Unlike the dielectric susceptibility y that can have only positive 
values (the polarization P in an isotropic dielectric is always direct- 
ed along the E field), the magnetic susceptibility Xm may be either 
positive or negative. Hence, the permeability may be either greater 
or smaller than unity. 
z ith account taken of Eq. (7.16), Eq. (7.15) can be written as 
ollows: 


H= ae (7.47) 


Thus, the magnetic field strength H is a vector having the same 
direction as the vector B, but whose magnitude is pop times smaller 
(in anisotropic media the vectors H and B, generally speaking, do 
not coincide in direction). 

Equation (7.14) relating the vectors M and H has exactly the 
same form in the Gaussian system too. Using this equation in 
Eq. (7.13), we get 

H =B — 4ny,H 
whence 
B 
iiir ET eyr (7.18) 


The dimensionless quantity 


p= 1 + nym (7.19) 


is called the permeability of a substance. Introducing this quantity 
into Eq. (7.18), we get 

H=2 (1.20) 

The value of p in the Gaussian system of units coincides with 

its value in the SI. A comparison of Eqs. (7.16) and (7.19) shows 


that the value of the magnetic susceptibility in the SI is 4x times 
that of ym in the Gaussian system: 


Xm, ST = 4NXm, cs (7.24) 


* The so-called absolute permeability pa = pop is introduced in electrical 
engineering. This quantity is deprived of a physical meaning, however, and 
we shall not use it. 
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7.3. Calculation of the Field 
in Magnetics 
Let us consider the field produced by an infinitely long round 
magnetized rod. We shall consider the magnetization M to be the 


same everywhere and directed along the axis of the rod. Let us 
divide the rod mentally into layers of thickness dl at right angles 


Fig, 7.4 


to the axis. We shall divide each layer in turn into small cylindrical 
elements with bases of an arbitrary shape and of area dS (Fig. 7.4a). 
Each such element has the magnetic moment 


dpm = M dS dl (7.22) 


The field dB’ set up by an element at distances that are great in 
comparison with its dimensions is equivalent to the field that would 
produce the current J = M di flowing around the element along its 
side surface (see Fig. 7.4b). Indeed, the magnetic moment of suc 
a current is dp, = I dS = M dldS {compare with Eq. (7.22), 
while the magnetic field at great distances is determined only by the 
magnitude and direction of the magnetic moment (see Sec. 6.9). 

The imaginary currents flowing in the section of the surface com- 
mon for two adjacent elements are identical in magnitude and oppo- 
site in direction, therefore their sum is zero. Thus, when summating 
the currents flowing around the side surfaces of the elements of one 
layer, only the currents flowing along the side surface of the layer 
will remain uncompensated. 

It follows from the above that a rod layer of thickness dl sets uP 
a field equivalent to the one which would be produced by the cur- 
rent M dl flowing around the layer along its side surface (the linear 
density of this current is jin = M). The entire infinite magnetize 
rod sets up a field equivalent to the field of a cylinder around whic) 
flows a cu-rent uaving the linear density jin = M. We establishe' 
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in Sec. 6.42 that outside such a cylinder the field vanihes, while 
inside it the field is homogeneous and equals ojiin in magnitude. 

We have thus determined the nature of the field B’ set up by a homo- 
geneously magnetized infinitely long round rod, Outside the rod, 
the field vanishes. Inside it, the field is homogeneous and equals 


B’ = wM (7.23) 


Assume that we have a homogeneous field By set up by macrocur- 
rents in a vacuum. According to Eq. (7.17), the strength of this 
field is 

_ Bo 
Hy iG (7.24) 
Let us introduce into this field (we shall call it an external one) an 
infinitely long round rod of a homogeneous and isotropic magnetic, 
arranging it along the direction of Bo. It follows from considerations 
of symmetry that the magnetization M set up in the rod is collinear 
with the vector Bo. 

The magnetized rod produces inside itself the field B’ determined 

by Eq. (7.23). The field inside the rod, as a result, becomes equal to 


B=B,-+B’ = B, + pM (1.25) 


Using this value of B in Eq. (7.8), we get the strength of the field 
inside the rod 


BB al pp Boe 
H=2—M==H, 


[see Eq. (7.24)]. Thus, the strength of the field in the rod coincides 
with that of the external field. 
Multiplying H by pou. we get the magnetic induction inside the rod: 


B= pop H = pop => = By (1.26) 


Hence, it follows that the permeability p shows how many times 
the field incréases in a magnetic [compare with Eq. (2.33)]. 

It must be noted that since the field B’ is other than zero only inside 
the rod, the magnetic field outside the rod remains unchanged. 

The result we have obtained is correct when a homogeneous and 
isotropic magnetic fills the volume bounded by surfaces fotnied 
by the strength lines of the external field*. Otherwise the field 
strength determined by Eq. (7.8) does not coincide with Hy = Bo/to- 

It is conditionally assumed that the field strength in a magnetic is 


H =H, — Ha BETA TA) 
* We remind our reader that for an electric field D = Dy provided that a 


homogeneous and isotropic dielectric fills the volume bounded by equipoten- 
tial surfaces, i.e. surfaces orthogonal to the strength lines of the external field. 
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where Hy is the external field, and Ha is the so-called demagnetizing 
field. The latter is assumed to be proportional to the magnetization 


Ha = NM (1.28) 


The proportionality constant N is known as the demagnetization 
factor. It depends on the shape of a magnetic. We have seen that 
H = H, for a body whose surface is not intersected by strength 
lines of the external field, i.e. the demagnetization factor is zero. 
For a thin disk perpendicular to the external field, N = 4, and for 
a sphere, N = 1/3. 

The relevant calculations show that when a homogeneous and 
isotropic magnetic having the shape of an ellipsoid is placed in a homo- 
geneous external field, the magnetic field in it is also homogeneous, 
although it differs from the external one. This also holds for a sphere, 
which is a particular case of an ellipsoid, and for a long rod and 
a thin disk, which can be considered as the extreme cases of an ellip- 
soid. 

In concluding, let us find the field strength of an infinitely long 
solenoid filled with a homogeneous and isotropic magnetic (or sub- 
merged in an infinite homogeneous and isotropic magnetic). Applying 
the theorem on circulation [see Eq. GADI. to the loop shown in 
Fig. 6.30, we get the equation Ha = nal. Hence, 


H= nI (1.29) 


Thus, the field strength inside an infinitely long solenoid equals 
the product of the current and the number of turns per unit length. 
Outside the solenoid, the field strength vanishes. 


7.4. Conditions at the Interface 
of Two Magnetics 


Near the interface of two magnetics, the vectors B and H must 
comply with definite boundary conditions that follow from the 
relations 

VB =0, [VH] =j (7.30) 

[see Eqs. (7.3) and (7.9)]. We are considering stationary fields, 

ie, ones that do not vary with time. y 

Let us take on the interface of two magnetics of permeabili- 

ties u, and u, an imaginary cylindrical surface of height A with 

bases S, and $, at different sides of the interface (Fig. 7.5). The 
flux of the vector B through this interface is 


Da= Bi, nS + Bz, nS + (Bn) Saide (7.34) 
{compare with Eq. (2.46)]. 
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Since VB = 0, the flux of the vector B through any closed surface 
is zero. Equating expression (7.31) to zero and making the transition 


h— 0, we arrive at the equation By, = —Bzn. If we project 
B, and B, onto the same normal, we get the condition 
By n= Ban (7.32) 


lcompare with Eq. (2.47)]. 

Replacing in accordance with Eq. (7.17) the components of B 
with the corresponding components of H multiplied by pop, we get 
the equation 

Hoty tn = Holle, n 
whence 
Hin ba 7.33 
Han My ( ) 

Now let us take a rectangular loop on the interface of the magnetics 

(Fig. 7.6) and calculate the circulation of H for it. With small dimen- 


(5;=5,25) 
n 

H 

1 1,0, 
Die Ss 
Ar 

= 

B Hee 
Fig. 7.5 Fig. 7.6 


sions of the loop, the circulation can be written in the form 
$ Hy dl =H, a— Ho, a+ (Hi) 2b (7.34) 


where (H;) is the average value of H; on the parts of the loop at 
right angles to the interface. If no macroscopic currents flow along 
the interface of the magnetics, [VH] within the limits of the loop 
will equal zero. Consequently, the circulation will also be zero. As- 
suming that Eq. (7.34) is zero and performing the limit transition 
b— 0, we arrive at the expression 


Ay. = Fax (7.35) 
[compare with Eq. (2.44)]. 


Replacing the components of H with the corresponding components 
of B divided by pout, we get the relation 


By By z 
Poti Bopz 


164 Electricity and Magnetism 


whence it follows that 


Bix uy oY 
E aea A (7.36) 


Summarizing, we can say that in passing through the interface 
between two magnetics, the normal component of the vector B 
and the tangential component of the vector H change continuously; 
The tangential component of the vector Band the normal component 
of the vector H in passing through the interface of the magnetics, 

B however, experience a discontinuity. 

Si Thus, when passing through the inter- 

face of two media, the vector B behaves 

Æ similar to the vector D, and the vector H 
similar to the vector E. 

Figure 7.7 shows the behaviour of the 
B lines when intersecting the surface be- 
tween two magnetics. Let the angles be- 
tween the B lines anda normal to the 
interface be a, and a», respectively. The 
ratio of the tangents of these angles is 
: tan ai _ _Bıs/Bi.n 
Fig. 7.7 tan a, ~ Barbin. 


whence with a view to Eqs. (7.32) and (7.36) we get a law of refrac- 
tion of the magnetic field lines similar to Eq. (2.49): 


i 
i 
i 
n 
i 
i 
i 
i 


B, n 


tana _ p 
oa (7.37) 


Upon passing into a magnetic with a greater value of p, the 
magnetic field lines deviate from a normal to the surface. This leads 
to crowding of the lines. The crowding of the B lines in a substance 
with a great permeability makes it possibleto form magnetic beams, 
i.e. impart the required shape and direction to them. In particular, 
for magnetic shielding of a space, it is surrounded with an iron screen. 
A glance at Fig. 7.8 shows that the crowding of the magnetic field 
Hes ir the body of the screen results in weakening of the field in- 
side it. 

Figure 7.9 is a schematic view of a laboratory electromagnet. 
It consists of an iron core onto which coils supplied with a current 
are fitted. The magnetic field lines are mainly concentrated inside 
the core. Only in the narrow air gap do they pass in a medium with 
a low value of u. The vector B intersects the boundaries between the 
air gap and the core along a normal to the interface. It thus follows 
in accordance with Eq. (7.32) that the magnetic induction in the gap 
and in the core is identical in value, Let us apply the theorem on 
the circulation of H to the loop along the axis of the core. We can 
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assume that the field strength is identical everywhere in the iron and 
is Hiron = B/poẸiron. In the air, Hair = B/popair. Let us denote 
the length of the loop section in the iron by liron, and in the gap 
by lair. The circulation can thus be written in the form Hironliron + 


edi aes leze eatin 
aN 
SA 
Loerie ae 


Fig. 7.8 Fig: 7.9 


+ Hairlaire According to Eq. (7.11), this circulation must equal 
NI, where N is the total number of turns of the electromagnet coils, 


and J is the current. Thus, 


B B 
il ——layr=N. 
Boliron ront BoHair larr 4 
Hence, 
N 
B= pol ———-— © pol 

Pot ate ie liron: Ho Diri} Uron 

Bair Miron Biron 


differs from unity only in the fifth digit after the decimal point). 
is of the order of 0.4 m, liron is of the order of 1 m, 
ches values of the order of several thousands. We 
isregard the second addend in the denominator and 


(Hair 

Usually, láir 
while Hiron Tea 
may therefore d 


write that 
N 
B= ol T . (7.38) 
Consequently, the magnetic induction in the gap of an electromagnet 


has the same value as it would have inside a toroid without a core 
when N/lair turns are wound on the torus per unit length [see Eq. 
(6.110)]. By increasing the total number of turns and reducing the 
dimensions of the air gap, we can obtain fields with a high value of 
B. In practice, fields with B of the order of several teslas (several 
tens of thousands of gausses) are obtained with the aid of electro- 


magnets having an iron core. 
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7.5. Kinds of Magnetics 


Equation (7.14) determines the magnetic susceptibility ym of 
a unit volume of a substance. This susceptibility is often replaced 
with the molar (for chemically simple substances—the atomic) 
susceptibility Xm,mo (Xm,at) related to one mole of a substance, 
It is evident that Xm,moi = XmVmoi, Where Vino is the volume of 
a mole of a substance. Whereas Xm is a dimensionless quantity, 
Xm, moi is measured in m3/mol. 

Depending on the sign and magnitude of the Magnetic suscep- 
tibility, all magnetics are divided into three groups: 

(1) diamagnetics, for which Xm is negative and smallin absolute 
value (|¥m, moi | is about 10-1" to 10-10 m*/mol); 

(2) paramagnetics, for which Xm is also not great, but positive 
(Xm, moi is about 10- to 10-9 m?/mol); 

(3) ferromagnetics, for which %n is positive and reaches very 
great values (Xm, mo, is about 1 m*/mol). In addition, unlike dia- 
and paramagnetics for which Xm does not depend on H, the suscep- 
tibility of ferromagnetics is a function of the magnetic field strength. 

Thus, the magnetization M in isotropic substances may either 
coincide in direction with H (in para- and ferromagnetics), or be 
directed oppositely to it (in diamagnetics), We remind our reader 
that in isotropic dielectrics the polarization is always directed in 
the same way as E. 


7.6. Gyromagnetic Phenomena 


The nature of molecular currents became clear after the British 
physicist Ernest Rutherford (1871-1937) established experimentally 
that the atoms of all substances consist of a positively charged 
nucleus and negatively charged electrons travel- 
ling around it. 

The motion of electrons in atoms obeys quantum 
laws; in particular, the concept of a trajectory can- 
not be applied to the electrons travelling in an 
atom. The diamagnetism of a substance can be ex- 
plained, however, by using the very simple Bohr 
i model of an atom, According to this model, the 

Fig. 7.10 electrons in atoms travel along stationary circular 

orbits. Í 

Assume that an electron is moving with the speed v in an orbit 
of radius r (Fig. 7.10). The charge ev, where e is the charge of an- elec 
tron and v is itsnumberof revolutionsa second, will becarried through 
an area at any place along the path of the electron in one second 
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Hence, an electron travelling in orbit will form the ring current 
I =ev. Since the charge of an electron is negative, the direction 
of motion of the electron and the direction of the current will be oppo- 
site. The magnetic moment of the current set up by.an electron is 


Pa = IS = evnr? 


The product 2nrv gives the speed of the electron v, therefore we can 
write that 


Pm = (7.39) 


The moment (7.39) is due to the motion of an electron in orbit and 
is therefore called the orbital magnetic moment. The direction 
of the vector pm forms a right-handed system with the direction of 
the current, and a left-handed one with that of motion of the elec- 
tron (see Fig. 7.10). 

An electron moving in orbit has the angular momentum 


L = mvr (7.40) 


(m is the mass of an electron). The vector L is called the orbital 
angular momentum of an electron. It forms a right-handed system 
with the direction of motion of the electron. Hence, the vectors pm 
and L are directed oppositely. 

The ratio of the magnetic moment of an elementary particle to 
its angular momentum is called the gyromagnetic (or magnetomecha- 
nical) ratio.. For an electron, it is 


Pmt (7.44) 


(m is the mass of an electron; the minus sign indicates that the mag- 
netic moment.and the angular momentum are directed oppositely). 

Owing to, its rotation about the nucleus, an electron is similar 
to a spinning top or gyroscope. This circumstance underlies the 
so-called gyromagnetic phenomena consisting in that the magne- 
tization of a magnetic leads to its rotation, and, conversely, the 
rotation of a magnetic leads to its magnetization. The existence of 
the first phenomenon was proved experimentally by A. Einstein 
and W. de Haas, and of the second by S. Barnett. 

Einstein and de Haas based their experiment on the following 
reasoning. If we magnetize a rod made of a magnetic, then the mag- 
netic moments of the electrons will be aligned in, the direction of 
the field, and the angular momenta in the opposite direction. As 
a result, the total angular momentum of the electrons DL: will 
become other than zero (initially owing to the chaotic orientation 
of the individual momenta it equalled zero). The angular momentum 
of the system rod + electrons must remain unchanged. Therefore 
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the rod acquires the angular momentum — YL; and, consequently, 
begins to rotate. A change in the direction of magnetization leads 
to a change in the direction of rotation of the rod. 

A mechanical model of this experiment can be carried out by 
seating a person on a rotatable stool and having him hold a massive 
rotating wheel in his hands. When he holds the axle of 
the wheel upward, he begins to’ rotate in the direction opposite 

to that of rotation of the wheel. When he turns the 
axle downward, he begins to rotate in the other di- 

rection. 
Einstein and de Haas conducted their experi- 
ment as follows (Fig. 7.11). A thin iron rod was 
suspended on an elastic thread and placed inside a 
solenoid. The thread was twisted very slightly when 
the rod was magnetized using a constant magnetic 
field. The resonance method was used to increase 
the effect—the solenoid was fed with an alternating 
~ current whose frequency was chosen equal to the 
natural frequency of mechanical oscillations of the 
system. In these conditions, the amplitude of the 
4 oscillations reached values that could be measured 
Fig. 7.44 by watching the displacement of a light spot reflect- 
ed by a mirror fastened to the thread. The data ob- 
tained in the experiment were used to calculate the gyromagnetic ratio, 
which was found to equal —(e/m). Thus, the sign of the charge of 
the carriers setting up the molecular currents coincided with the 
sign of the charge of an electron. The result obtained, however, 
Tii wr the expected value of the gyromagnetic ratio 

7.41). 

To understand Barnett’s experiment, we must remember that 
when an attempt was made to bring a gyroscope into rotation about 
a certain direction, the gyroscope axis turned so that the directions 
of the natural and forced rotations of the gyroscope coincided (see 
Sec. 5.9 of Vol. I, p. 165 et seq.). If we place a gyroscope fastened 
in a universal joint on the disk of a centrifugal machine and begin 
to rotate it, the gyroscope axis will align itself vertically, and in 
such a way that the direction of rotation of the gyroscope will coin- 
cide with that of the disk. When the direction of rotation of the 
centrifugal machine is reversed, the gyroscope axis will turn through 
180 degrees, i.e. in such a way that the directions of the two rota- 
tions will again coincide. 

Barnett rotated an iron rod very rapidly about its axis and mea- 
sured the produced magnetization. Barnett also obtained a value for 
the gyromagnetic ratio from the results of his experiment 
double that given by Eq. (7.41). 
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It was discovered later that apart from the orbital magnetic 
moment (7.39) and the orbital angular momentum (7.40), an electron 
has its intrinsic angular momentum L, and magnetic moment Pol, s 
for which the gyromagnetic: ratio is 

Pae __ e 

oTi aa (7.42) 
i.e. coincides with the value obtained in the experiments conducted 
by Einstein and de Haas and by Barnett. It thus follows that the 
magnetic properties of iron are due not to the orbital, but to the 
intrinsic magnetic moment of its electrons. 

Attempts were initially made to explain the existence of the 
intrinsic magnetic moment and angular momentum of an electron 
by considering it as a charged sphere spinning about its axis. Accord- 
ingly, the intrinsic angular momentum of an electron was named 
its spin. It was discovered quite soon, however, that such a notion 
results in a number of contradictions, and it became necessary to 
reject the hypothesis of a“spinning” electron. It is assumed at present 
that the intrinsic angular momentum (spin) and the intrinsic (spin) 
magnetic moment associated with it are inherent properties of an 
electron like its mass and charge. 

Not only electrons, but also other elementary particles have 
a spin. The spin* of elementary particles is an integral or half- 
integral multiple of the quantity # equal to Planck’s constant h 
divided by 2x 


R= 1.05 x 1034.51.05 x 10° erg-s (7.43) 


In particular, for an electron, Ls = shi in this connection, the 


spin of an electron is said to equal + Thus, f is a natyral unit of 


the angular momentum like the elementary charge e is a natural 


unit of charge. asta, o 
In accordance with Eq. (7.42), the intrinsic magnetic moment 


of an electron is 
PLS (7.44) 


The quantity 
èh 0.997 x 10-8 J/T = 0.927 x 10-2 erg/Gs** (7.45) 


HB = Sw 


* More exactly, the maximum value of the projection of the spin onto a di- 


Tecti i for example, onto that of the external field. 
ss According to the equation w= Ey B, the dimension of magnetic moment 


equals that. of energy (joule or erg) divided by the dimension of magnetic in- 
duction (tesla or gauss). 
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is called the Bohr magneton. Hence, the intrinsic magnetic moment 
of an electron equals one Bohr magneton: 

The magnetic moment of an atom consists of the orbital and intrin- 
sic moments of the electrons in it, and also of the magnetic moment 
of the nucleus (which is due to the magnetic moments of the elemen- 

tary particles— protons and neutrons— 

forming the nucleus). The magnetic mo- 

ment of a nucleus is much smaller than 

the moments of the electrons. For this 

reason, they may be disregarded when 

considering many questions, and we may 

consider the magnetic moment of an atom 

Fig. 7.42 to equal the vector sum of the magnetic 

moments of its electrons. The magnetic 

moment of a molecule may also be considered equal to the sum of 
the magnetic moments of all its electrons. 

O. Stern and W. Gerlach determined the magnetic moments of 
atoms experimentally. They passed a beam of atoms through a greatly 
inhomogeneous magnetic field. The inhomogeneity of the field was 
achieved by using a special shape of the electromagnet pole shoes 
(Fig. 7.12). By Eq. (6.77), the atoms 
of the beam must experience the force 


Without field | 
6B i Expected 
F= Pm -gy 008 & ZZZ Pestle 
1 
whose magnitude and sign depend on ! Hg, Mg 
the angle a made by the vector pp nt Ag, Na,K 
with the direction of the field. When ‘ 
the moments of the atoms are dis- wits field | I'1 I V 
tributed chaotically by directions, the i ii LI Mn 
beam. contains particles for which b 
the values of œ vary within the li- PIPUtitid fe 
mits from 0 to n. It was assumed 
accordingly that a narrow beam of Fig. 7.43 


atoms after passing between the 
poles would form on a screen 4 continuous extended trace whose edges 
would correspond to atoms having orientations at angles of a=0 
and a=m (Fig. 7.13). The experiment gave unexpected results. 
Instead of a continuous extended trace, separate lines were obtained 
that were arranged symmetrically with respect to the trace of the beam 
obtained in the absence of a field. p 
The Stern-Gerlach experiment showed that the angles at which 
the magnetic moments of atoms are oriented relative to a magnetic 
field can have only discrete values; i.e. that the projection of a mag- 
netic moment onto the direction of a field is quantized. 
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The number of possible values of the projection of the magnetic 
moment onto the direction of the magnetic field for different atoms 
is different. It is two for silver, aluminium, copper, and the alkali 
metals, four for vanadium, nitrogen, and the halogens, five for 
oxygen, six for manganese, nine for iron, 
ten for cobalt, etc. 

Measurements gave values of the order of 
several Bohr magnetons for the magnetic 
moments of atoms, Some atoms showed no 
deflections (see, for example, the trace of 
mercury and magnesium atoms in Fig. 7.13), 
which indicates that they have no mag- 
netic moment. 


7.7. Diamagnetism 


An electron travelling in an orbit is like a 
spinning top. Therefore, all the features of 
behaviour of gyroscopes under the action of 
external forces must be inherent in it, in 
particular, precession of the electron orbit 
must appear in the appropriate conditions. -e< 
The conditions needed for precession E T 
if an atom is in an external magnetic fie Z i 
(Fig. 7.14). In this case, the torque T = [pmB] L 
is exerted on the orbit. It tends to set up 
the orbital magnetic moment of an electron 
Pm in the direction of the field (the angular chart 
momentum L will be set up against the field). oe hfe 
The torque T causes the vectors Pm and L to 
precess about the direction of the magnetic induction vector B whose 
velocity is simple to find (see Sec. 5.9 of Vol. I, p. 165 et seq.). 

During the time dt; the vector L receives the increment 
dL equal to 


dL = T dt 
The vector dL, like the vector T, is perpendicular to the plane 
passing through the vectors B and L; its magnitude is 
| dL | = pmB sin a dt 


where a is the angle between pm and B. i 
During the time dt, the plane containing the vector L will turn 


about the direction of B through the angle 
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Dividing this angle by the time dt, we find the angular velocity of 
precession 


Introducing the value of the ratio of the magnetic moment and 
angular momentum from Eq. (7.41), we get 


or=4 (1.46) 


The frequency (7.46) is called the frequency of Larmor precession 

or simply the Larmor frequency. It depends neither on the angle 

of inclination of an orbit with respect to 

B the direction of the magnetic field nor on 

‘«rsinwt the radius of the orbit or the speed of the 

electron, and, consequently, is the same 
for all the electrons in an atom. 

The precession of an orbit causes addi- 
tional motion of the electron about the 
direction of the field. If the distance r’ 
from the electron to an axis parallel toB 
and passing through the centre of the orbit 
did not change, the additional motion of 
the electron would occur along a circle 

Fig. 7.15 of radius r’ (see the unhatched circle in 

the bottom part of Fig. 7.14). The ring 

current J’ = e (w;,/2m) (see the hatched circle) would correspond to 
it. The magnetic moment of this current is 


-2 


Pa= I'S =e 5E nr? =k i2 (7.47) 


eOL 
aa h 
and is directed oppositely to B (see the figure). It is called the in- 
duced magnetic moment. 

Indeed, owing to the motion of an electron in itsorbit, the dis- 
tance r’ constantly changes. Therefore, in Eq. (7.47), we must replace 
r’? with its average value in time (r’?). The latter depends on the 
angle œ characterizing the orientation of the orbit plane relative 
to B. In particular, for an orbit perpendicular to the vector B, the 
quantity r’ is constant and equals the radius of the orbit r. For 
an orbit whose plane passes through the direction of B, the quantity 
r’ varies according to the law r’ = r sin wt, where œ is the angular 
velocity of revolution of an electron in its orbit (Fig. 7.15; the vector 
B and the orbit are in the plane of the drawing). Consequently; 


(r'?) = (r? sin? wt) = ir (the quantity (sin? wt) = +) . Aver- 
aging over all possible values of a, considering them to be equally 
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probable. yields 
(y= tr (7.48) 


Using in Eq. (7.47) the value (7.46) for œz and (7.48) for (r’?), 
we get the following expression for the average value of the induced 
magnetic moment of one electron: 


(Pa) = — Erap (7.49) 


(the minus. sign reflects the circumstance that the vectors (Pm) 
and B have opposite directions). We assumed the orbit to be cir- 
cular. In the general case (for example, for an elliptical orbit), we 
must take (r?) instead of r?°, i.e. the mean square of the distance from 
an electron to the nucleus. 

Summation of Eq. (7.49) over all. the electrons yields the induced 
magnetic moment of an. atom 


Zz 
3 
Pin, at = >) (Pa) E 5) oh) (7.50) 
het 
(Z is the atomic number of a chemical element; the number of elec- 
trons in an atom is Z). 

Thus, the action of an external magnetic field sets up precession 
of the electron orbits with the same angular velocity (7.46) for all 
the electrons. The additional motion of the electrons due to preces- 
sion leads to the production of an induced magnetic moment of an 
atom [Eq. (7.50)] directed against the field. Larmor precession ap- 
pears in all substances without exception. When atoms by themselves 
have a magnetic moment, however, a magnetic field not only induces 
the moment (7.50), but also has an orienting action on the magnetic 
moments of atoms, aligning them in the direction of the field. The 
positive (i.e, directed along the field) magnetic moment that appears 
may be considerably greater than the negative induced moment. 
The resultant moment is therefore positive, and the substance be- 
haves like a paramagnetic. 

Diamagnetism is found only in substances whose atoms have no 
magnetic moment (the vector sum of the orbital and spin magnetic 
moments of the atom electrons is zero). If we multiply Eq. (7.50) 
by the Avogadro constant NV, for such a substance, we get the mag- 
netic moment for a mole of the substance. Dividing it by the field 
strength H, we find the molar magnetic susceptibility Xm, moi- 
The permeability of dielectrics virtually equals unity. We can there- 
fore assume that B/H = po. Thus, 


zZ 
AN 
pe etatt 4 _ bo SY Of) (7.54) 


Xm, mol = z 
het 
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We must note that the strict quantum-mechanical theory gives 
exactly the same expression. 

Introduction of the numerical values of po, N4, e, and m in 
Eq. (7.54) yields 


Zz 
Xm, mot = —3.55 x 10° $; (rk) 


The radii of electron orbits have a value of the order of 10-! m. 
Hence, the molar diamagnetic susceptibility of the order of 10-11-10-19 
is obtained, which agrees quite well with experimental data. 


7.8. Paramagnetism 


If the magnetic moment pm of the atoms differs from zero, the 
relevant substance is paramagnetic. A magnetic field tends to align 
the magnetic moments of the atoms along B, while thermal motion 
tends to scatter them uniformly in all directions. As a result, a cer- 
tain preferential orientation of the moments is established along 
the field. Its value grows with increasing B and diminishes with 
increasing temperature. 

The French physicist and chemist Pierre Curie (1859-1906) estab- 
lished experimentally a law (named Curie’s law in his honour) 
according to which the susceptibility of a paramagnetic is 

Xm, mol = $ (7:52) 
where C = Curie constant depending on the kind of substance 
T = absolute temperature. 

The classical theory of paramagnetism was developed by the 
French physicist Paul Langevin (1872-4946) in 1905. We shall limit 
ourselves to a treatment of this theory for not too strong fields and 
not very low temperatures. 

According to Eq. (6.76), an atom in a magnetic field has the 
potential energy W = —pmB cos @ that depends on the angle 0 
between the vectors pm and B. Therefore, the equilibrium distribu- 
tion of the moments by directions must obey Boltzmann’s law (see 
Sec. 11.8 of Vol. I, p. 326 et seq.). According to this law, the prob- 
ability of the fact that the magnetic moment of an atom will make 
with the direction of the vector B an angle within the limits from 
0 to 0 -+ dð is proportional to 


Wy\_ PmB cos 0 
exp (— yr )=exp (25) 
Introducing the notation 
a= 2pB: (7.53) 
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we can write the expression determining the probability in the form 
exp (a.cos 6) (7.54) 


In the absence of a field, all the directions of the magnetic moments 
are equally probable. Consequently, the probability of the fact that 
the direction of a moment will form with a certain direction z an 
angle within the limits from @ to @ + d®@ is 


(dPo)pay = Soe AOA _ 1 sin gag (7.55) 


Here dQe = 2x sin @ dð is the solid angle enclosed between cones 
having apex angles of @ and 6 + dð 
(Fig. 7.16). 

When a field is present, the multiplier 
(7.54) appears in the expression for the 
probability: 


dPo=Aexp(acos®)-+sin@d0 (7.56) 


(A is a proportionality constant that is 
meanwhile unknown). ; 
The magnetic moment, of an atom has Fig.. 7.16 

a magnitude of the order of one Bohr 

magneton, i.e. about 10- J/T [see Eq. (7.45)]. At the usually 
achieved fields, the magnetic induction is of the order of 1 T (10‘ Gs). 
Hence, pmB is of the order of 10-23 J. The quantity kT at room tem- 
perature is about 4x 10- J. Thus, a = pyB/kT is much smaller 
than unity, and exp (a cos 0) may be replaced with the approximate 
expression 1 + acos8. In this approximation, Eq. (7.56) becomes 


dP,=A (1-+ac0s 8) £ sin 6 a0 


The constant A can be found by proceeding from the fact that 
the sum of the probabilities of all possible values of the angle 0 
must equal unity: 


x 
1= | A (L Fa cos 6) > sin 00-4 
0 
Hence, A = 4, so that 
dPa=4 (1+ a cos 0) sin 0 d0 


Assume that unit volume of a paramagnetic contains-n atoms. 
Consequently, the number of atoms whose magnetic moments form 
angles from 6 to 6 + dð with the direction of the field will be 


dng =n dP, = n(1 +acos6) sin © d8 
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Each of these atoms makes a contribution of pm cos 0 to the resultant 
magnetic moment. Therefore, we get the following expression for 
the magnetic moment of unit volume (i.e. for the magnetization): 


nx 
M= J Pm cos 8 dng = 
0 


x 
1 r 
=-7 "Pm f (1+acos 8) cos 0 sin 0 d0 =+- npm ca me J 
0 


Substitution for a of its value from Eq. (7.53) yields 
nphB 


M = EF 


Finally, dividing M by H and assuming that B/H = Ho (for a para- 
magnetic pu is virtually equal to unity), we find the susceptibility 


ae ue | (7.57) 


Substituting the Avogadro constant N a for n, we get an expresion 
for the molar susceptibility: 


NV ap? 
Xm, mol = ak = (1.58) 


We have arrived at Curie’s law. A comparison of Eqs. (7.52) and 
(7.58) gives the following expression for the Curie constant: 


= (7.59) 


It must be remembered that Eq. (7.58) has been obtained assuming 
that pmB kT. In very strong fields and at low temperatures, 
deviations are observed from proportionality between the 
magnetization of a paramagnetic M and the field strength H. In 
particular, a state of magnetic saturation may set in when all the 
Pm's are lined up along the field, and a further increase in H does 
not result in a growth in M. 

The values of %m,moi calculated by Eq. (7.58) in a number of 
cases agree quite well with the values obtained experimentally. 

The quantum theory of paramagnetism takes account of the fact 
that only discrete orientations of the magnetic moment of an atom 
relative to a field are possible. It arrives at an expression for ¥m+mol 
similar to Eq. (7.58). 
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7.9. Ferromagnetism 


Substances capable of having magnetization in the absence of 
an external magnetic field form a special class of magnetics. Accord- 
ing to the name of their most widespread representative—ferrum 
(iron)—they have been called ferromagnetics. In addition to iron, 
they include nickel, cobalt, gadolinium, their alloys and compounds, 
and also certain alloys and compounds of manganese and chromium 
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with non-ferromagnetic elements. All these substances display fer- 
romagnetism only in the crystalline state. 

Ferromagnetics are strongly magnetic substances. Their magneti- 
zation exceeds that of dia- and paramagnetics which belong to the 
category of weakly magnetized substances an enormous number of 
times (up to 1010): 

The magnetization of weakly magnetized substances varies lin- 
early with the field strength. The magnetization of ferromagnetics 
depends on H in an intricate way. Figure 7.17 shows the magnetiza- 
tion curve for a ferromagnetic whose magnetic moment was ini- 
tially zero (it is called the initial or zero magnetization curve). Already 
in fields of the order of several oersteds (about 100 A/m), the magne- 
tization M reaches saturation. The initial magnetization curve in 
a B-H diagram is shown in Fig. 7.18 (curve 0-1). We remind our 
reader that B = up (H + M). Therefore, when saturation is reached, 
B continues to grow with increasing H according to a linear law: 
B = pH + const, where const = poMsat: 

A magnetization curve for iron was first obtained and investigat- 
ed in detail by the Russian scientist Aleksandr Stoletov (1839- 
1896). The ballistic method of measuring the magnetic induction 
which he developed has been finding wide application (see Sec. 8.3). 

Apart from the non-linear relation between H and M (or between 
H and B), ferromagnetics are characterized by the presence of hyster- 
esis. If we bring magnetization up to saturation (point Z in Fig. 7.18) 


12—7796 
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and then diminish the magnetic field strength, the induction B 
will no longer follow the initial curve 0-1 , but will change in accor- 
dance with curve 7-2. Asa result, when the strength of the external 
field vanishes (point 2), the Magnetization does not vanish andris 
characterized by the quantity B, called the residual induction. 
The magnetization for this point has the value M r called the reten- 
tivity or remanence. 

The magnetization vanishes only under the action of the field 

directed oppositely to the field that produced the magnetization. 
The field strength H, is called the coer- 
cive force. 

The existence of remanence makes it 
possible to manufacture permanent mag- 
nets, i.e. bodies that have a magnetic mo- 
ment and produce a magnetic field in the 
space surrounding them without the 
expenditure of energy for maintaining the 
macroscopic currents. A permanent mag- 
het retains its properties better when the 
coercive force of the material it is made 
of is higher. 

When an alternating magnetic field acts 
on a ferromagnetic, the induction changes 
7 in accordance with curve 1-2-3-4-5-1 
(b) (Fig. 7.18) called a hysteresis loop (a simi- 

lar curve is obtained in an M-H dia- 

gram). If the maximum values of H àre 

such that the magnetization reaches satu- 
ration, we get the so-called maximum hysteresis loop (the solid loop 
in Fig. 7.18). If saturation is not reached at the amplitude values of 
H, we get a loop called a partial cycle (the dash line in the figure). 
The number of such partial cycles is infinite, and all of them are 
within the maximum hysteresis loop. 

Hysteresis results in the fact that the magnetization of a ferromag- 
netic is not a unique function of H. It depends very greatly on the 
previous history of a specimen—on the fields which it was in pre- 
viously. For example, in'a field of strength H, (Fig. 7.18), the induc- 
tion may have any value ranging from B; to Bi. 

It follows from everything said above about ferromagnetics that 
they are very similar in their properties to ferroelectrics (see Sec: 2.9). 

In connection with the ambiguity of the dependence of B on H, 
the concept of permeability is applied only to the initial magnetiza- 
tion curve. The permeability of ferromagnetics u (and, consequently, 
their magnetic susceptibility y,,) is a function of the field strength. 
Figure 7.19a shows an initial magnetization curve. Let us draw 
from the origin of coordinates a straight line that passes through an 


Fig.7.19 
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arbitrary point on the curve. The slope of this line is proportional 
to the ratio B/H, i.e. to the permeability p for the relevant value 
of the field strength. When H grows from zero, the slope (and, conse- 
quently, p) first grows. At point 2 it reaches a maximum (straight 
line 0-2 is a tangent to the curve) and then diminishes. Figure 7.190 
shows how p depends on H. A glance at the figure shows that the 
maximum value of the permeability is reached somewhat earlier 
than saturation. Upon an unlimited increase in H, the permeability 
approaches unity asymptotically. This can be seen from the circum- 
stance that M in the expression » = 1 + M/H cannot exceed the 
value Msat: 

The quantities B; (or M,), He. and pmax are the basic characteristics 
of a ferromagnetic. If the coercive force He is great, the ferromagnetic 
is called hard. It is characterized by a broad hysteresis loop. A fer- 
romagnetic. with a low He (and accordingly with a narrow hysteresis 
loop) is called soft. The characteristic of a ferromagnetic is chosen 
depending on the use it is to be put to. Thus, hard ferromagnetics 
are used for permanent magnets, and soft ones for the cores of trans- 
formers. Table 7:4 gives the characteristics of several typical fer- 
romagnetics. 


Table 7.1 

Substance Composition | Umax Bo T Ho A/m 
Iron 99.9% Fe 5000 — 80 
Supermalloy 79% Ni, 5% Mo, 16% Fe} 800000 = 0.3 
Alniko 10% Al, 19% Ni, 18% Co, A 0.9 52 000 


53% Fe 


The fundamentals of the theory of ferromagnetism were presented 
by the Soviet physicist Yakov Frenkel (1894-1952) and the German 
physicist Werner Heisenberg (1901-1976) in 1928. It follows from 
experiments involving the studying of gyromagnetic phenom- 
ena (see Sec. 7.6) that the intrinsic (spin) magnetic moments of 
electrons are responsible for the magnetic properties of ferromagnetics. 
In definite conditions, forces* may appear in crystals that make 
the magnetic moments of the electrons become lined up parallel 
to one another. The result is the setting up of regions of spontaneous 
magnetization, also called domains. Within the confines of each 
domain, a ferromagnetic is spontaneously magnetized to saturation 


* These forces are called exchange ones. Their explanation is given only by 
quantum mechanics. 


12* 
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and has a definite magnetic moment. The directions of these moments 
are different for different domains (Fig. 7.20), so that in the absence 
of an external field the total moment of an entire body is zero. Do- 
mains have dimensions of the order of t to 10 pm. 

The action of a field on domains at different stages of the magneti- 
zation process is different. First, with weak fields, displacement 
of the domain boundaries is observed. As a result, the domains 

whose moments make a smaller angle with H grow 

Hy at the expense of the domains for which the angle 

5: ® between the vectors p,, and H is greater. For 

NK NS Se example, domains 7 and 3 in Fig. 7.20 grow at 

the expense of domains 2 and 4. With an increase 

in the field strength, this process goes on further 

and further until the domains with a smaller 6 

(which have a smaller energy in a magnetic field) 

completely absorb the domains that are less 

fd > AN advantageous from the energy viewpoint. In the 

3 next stage, the magnetic moments of the domains 

* turn in the direction of the field. The moments 

Fig. 7.20 of the electrons within the confines of a domain 

turn simultaneously without violating their 

strict parallelism to one another. These processes (excluding slight 

displacements ofthe boundaries between the domains in very weak 
fields) are irreversible, and this is exactly what causes hysteresis. 

There is a definite temperature Tç for every ferromagnetic at 
which the regions of spontaneous magnetization (domains) break 
up and the substance loses its ferromagnetic properties. This temper- 
ature is called the Curie point. It is 768°C for iron and 365°C for 
nickel. At a temperature above the Curie point, a ferromagnetic 
becomes an ordinary paramagnetic whose magnetic susceptibility 
obeys the Curie-Weiss law 


Xm, mol = Tk (7.60) 


[compare with Eq. (7.52)]. When a ferromagnetic is cooled to below 
its Curie point, domains once more appear in it. 

Exchange forces sometimes result in the appearance of so-called 
antiferromagnetics (chromium, manganese, etc.). The existence 0 
antiferromagnetics was predicted by the Soviet physicist Lev Lan- 
dau (1908-1968) in 1933. In antiferromagnetics, the intrinsic magnetic 
moments of the electrons are spontaneously oriented antiparallel 
to one another. Such an orientation involves adjacent atoms in 
pairs. The result is that antiferromagnetics have an extremely low 
magnetic susceptibility and behave like very weak paramagneti®i 
There is also a temperature Ty for antiferromagnetics at whic 
the antiparallel orientation of the spins vanishes. This temperature 
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is known as the antiferromagnetic Curie point or the Néel point. 
Some antiferromagnetics (for example, erbium, dysprosium, alloys 
of manganese and copper) have two such points (an upper and a lower 
Néel point), the antiferromagnetic properties being observed only 
at the intermediate temperatures. Above the upper point, the sub- 
stance behaves likea paramagnetic, and at temperatures below the 
lower Néel point it becomes a ferromagnetic. 


CHAPTER 8 ELECTROMAGNETIC 
INDUCTION 


8.1. The Phenomenon of Electromagnetic 
Induction 


In 1831, the British physicist and chemist Michael Faraday (1791- 
1867) discovered that an electric current is produced in a closed con- 
ducting loop when the flux of magnetic induction through the sur- 
face enclosed by this loop changes. This phenomenon is called elec- 
tromagnetic induction, and the current produced an induced current. 

The phenomenon of electromagnetic induction shows that when 
the magnetic flux in a loop changes, an induced electromotive force 
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&, is set up. The value of 8, does not depend on how the magnetic 
flux @ is changed and is determined only by the rate of change of ®, 
i.e. by the value of d@/dt. A change in the sign of d®/dt is attended 
by a change in the direction of &,. 

Let us consider the following example. Figure 8.1 shows loop 1 
whose current J, can be varied by means of a rheostat. This current 
sets up a magnetic field through loop 2. If we increase the current J, 
the magnetic induction flux ® through loop 2 will grow. This will 
lead to the appearance in loop 2 of the induced current J a registered 
by a galvanometer. Diminishing of the current I, will cause the mag- 
netic flux through the second loop to decrease., This will result in 
the appearance in it of an induced current of a direction opposite 
to that in the first case. An induced current J, can also be set up by 
bringing loop 2 closer to loop Z or moving it away from it. In these 
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two cases, the directions of the induced current are opposite. Finally, 
electromagnetic induction can. be produced without translational 
motion of loop 2, but by turning it so as to change the angle between 
a normal to the loop and the direction of the field. 

E. Lenz established a rule permitting us to find the direction of 
an induced current. Lenz’s rule states that an induced current is 
always directed so as to oppose the cause producing it. If, for example, 
a change in ® is due to motion of loop 2, then an induced current 
is set up of a direction such that the force of interaction with the first 
loop opposes the motion of the loop. When loop 2 approaches loop 
I (see Fig. 8.1), a current T; is set up whose magnetic moment is 
directed oppositely to the field of the current J, (the angle a between 
the vectors pm and B is x). Hence, loop 2 will experience a force repel- 
ling it from loop Z [see Eq. (6.77)]. When loop 2 is moved away 
from loop 7, the current Ij is produced whose moment pm coincides 
in direction with the field of the current J, (a = 0) so that the force 
exerted on loop 2 is directed toward loop 1. 

Assume that both loops are stationary and the current in loop 2 
is induced by changing the current J, in loop 7. Now a current J, 
is induced of a direction such that the intrinsic magnetic flux it 
produces tends to weaken the change in the external flux leading to 
the setting up of the induced current. When J, grows, i.e. the external 
magnetic flux directed to the right isincreased, a current 7; is induced 
that sets up a flux directed to the left. When J, diminishes, the 
current J is set up whose intrinsic magnetic flux has the same direc- 
tion as the external flux and, consequently, tends to keep the external 
flux unchanged. 


8.2. Induced E.M.F. 


We have established in the preceding section that changes in the 
magnetic flux @ through a loop set up an induced e.m.f. 8, in it. 
To find the relation between 6, and the rate of change of ®, we shall 
consider the following example. ! 

Let us take a loop with a movable rod of length / (Fig. 8.2a). 
We shall put it in a homogeneous magnetic field at right angles 
to the plane of the loop and directed beyond the drawing. Let us 
bring the rod into motion with the velocity v. The current carriers 
in the rod—electrons—will also begin to move relative to the field 
with the same velocity. As a result, each electron will begin to expe- 
rience the magnetic force 


F, = —e[vB] (8.1) 


directed along the rod [see Eq. (6.33); the charge of an electron is —el. 
The action of this force is equivalent to the action on an electron 
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of an electric field of strength 

E = [vB] 
This field is of a non-electrostatic origin. Its circulation around 
a loop gives the value of the e.m.f. induced in the loop: 


8 = $ Ed= $ (vB) al = f [vB] dl (8.2) 


1 
(the integrand differs from zero only on section 7-2 formed by the rod), 
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Fig. 8.2 


To be able to judge about the direction in which the e.m.f. acts 
according to the sign of é, we shall consider €; positive when its 
direction forms a right-handed system with the direction ofa normal 
to the loop. 

Let us choose the normal as shown in Fig. 8.2. Hence, when cal- 
culating the circulation, we must circumvent the loop clockwise 
and choose the direction of the vectors dl accordingly. If we‘ put 
the constant vector [vB] in Eq. (8.2) outside the integral, we get 


2 
6,=[vB] f a= ivg 
1 


where I is the vector depicted in Fig. 8.2b. Let us perform a cyclic 
rearrangement of the multipliers in the expression obtained, after 
which we shall multiply and divide it by dt: 


€,=B[lv] = Bik yan (8.3) 
A glance at Fig. 8.2b shows that 
{l, v dt] = — nds 


where dS is the increment of the loop area during the time dt. By 
the definition of a flux, BdS=BndS is the flux through the 
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area dS, i.e. the increment of the flux d® through the loop. Thus, 
BII, v dt] = —Bn dS = —d® 
With a view to this expression, Eq. (8.3) can be written as 


d® 

We have found that d®/dt and 8, have opposite signs. The sign 
of the flux and that of &, are associated with the choice of the direc- 
tion of a normal to the plane of a loop. With 
our selection of the normal (see Fig. 8.2), the 
sign of d@/dt is positive, and that of 6; is neg- 
ative. If we had chosen a normal directed 
not beyond the drawing, but toward us, the 
sign of d@/dt would be negative and that of 84 
positive. 

The SI unit of magnetic induction flux is the 
weber (Wb), which is the flux through a sur- 
face of 1 m? intersected by magnetic field lines 
normal to it with B =1T. At arate of change of 
the flux equal to 4 Wb/s, ane.m.f. of 4 V is induced in the loop. 

In the Gaussian system of units, Eq. (8.4) has the form 

1x iDo (8.5) 


Piai sia iat 


The unit of ® in this system is the maxwell (Mx) equal to the flux 
through a surface of 1 cm? at B = 1 Gs. Equation (8.5) gives 8; 
in cgsey. To find it in volts, we must multiply the result obtained 
by 300. Since 300/c = 10-8, we have 


8,(V)= —10°8-2> (Mx/s) (8.6) 


In the reasoning that led us to Eq. (8.4), the part of the extraneous 
forces maintaining a current in a loop was played by magnetic 
forces. The work of these forces on a unit positive charge, equal by 
definition to the e.m.f., is other than zero. This circumstance appar- 
ently contradicts the statement made in Sec. 6.5 that a magnetic 
force can do no work on a charge. This contradiction is eliminated 
if we take into account that the force (8.1) is not the total magnetic 
force exerted on an electron, but only the component of this force 
parallel to the conductor and due to the velocity v (see the force 
F, in Fig. 8.3). This component causes the electron to start moving 
along the conductor with the velocity u, as a result of which a mag- 
netic force perpendicular to the wire is set up equal to 

F, = —e [uB] 
(this component makes no contribution to the circulation because 
it is perpendicular to dl). 
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The total magnetic force exerted on an electron is 
F=F,+F, 
and the work of this force on an electron during the time dt is 
dA=Fy,udt+F vdt=F,udt—F vdt 


(the directions of the vectors F} and u are the same, and of the 
vectors F} and v are opposite; see Fig. 8.3). Substituting for the 
magnitudes of the forces their values F,=evB and F, = euB; 
we find that the work of the total magnetic force equals zero. 

The force F} is directed oppositely to the velocity of the rod v. 
Therefore, for the rod to move with the constant velocity v, the external 
force Fext must be applied to it that balances the sum of the forces 
F applied to all the electrons contained in the rod. It is exactly 
at the expense of the work of this force that the energy liberated 
in the loop by the induced current will be produced. 

Our explanation of the appearance of an induced e.m.f. relates 
to the case when the magnetic field is constant, while the geometry 
of the loop changes. The magnetic flux through the loop can also 
be changed, however, by changing B. In this case, the explanation 
of the appearance of'an e.m.f. will differ in principle. The time-varying 
magnetic field sets up a vortex electric field E (this is treated in 
detail in Sec. 9.1). The action of the field E causes the current carriers 
in a conductor to start moving—an induced current is set up. The 
relation between the induced e.m.f. and the changes in the magnetic 
flux in this case too is described by Eq. (8.4). 

Assume that the loop in which an e.m.f. is induced consists of N 
turns instead of one, i.e. it is a solenoid, for example. Since the turns 
are connected in series, €, will equal the sum of the e.m.f.’s induced 
in each of the turns separately: 


dD d 
tie Darmar (29) 
The quantity 
v=o (8:7) 


is called the flux linkage or the total magnetic flux. It is measured 
in the same units as Ọ, If the flux through each of the turns is the 
same, then 


YND (8.8) 


The e.m.f. induced in an intricate loop is determined by the for- 
mula 


$< av (8.9) 
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8.3. Ways of Measuring 
the Magnetic Induction 


Assume that the total magnetic flux linked to a loop changes 
from Y, to ¥,. Let us find the charge g that flows through each sec- 
tion of the loop. The instantaneous value of the current in the loop is 


girin a ick am; 
Rr vie R dt 
Hence, 
AN aoe 4 
dq=Idt= ar d=- g ir 


Integration of this expression yields the total charge: 
2 
4 4 
q= | dg= <q [a= (YY) (8.10) 
1 


Equation (8.10) underlies the ballistic method of measuring the 
magnetic, induction developed by A. Stoletov. It consists in the 


i (0) 
Fig. 8.4 


following. A small coil with NW turns is placed in the field being 
studied. The coil is arranged so that the vector B is perpendicular 
to the plane of the turns (Fig. 8.4a). Hence, the total magnetic flux 
linked with the coil will be 

WY, = NBS 


where S is the area of one turn, which must be so small that the field 
within its limits may be considered homogeneous. 

When the coil is turned through 180 degrees (Fig. 8.4b), the flux 
linkage becomes equal to ¥, = —NBS (n and B are directed oppo- 
sitely). Hence, the change in the total flux linkage when the coil 
is turned is Wj — Y, = 2NBS. If the coil is turned sufficiently 
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quickly, a short current-pulse is produced in the loop upon which 
the charge 


q=- 2NBS (8.41) 


flows [see Eq. (8.10)]. 

The charge flowing in the circuit during the short current pulse 
can be measured with the aid of a so-called ballistic galvanometer. 
The latter is a galvanometer with a great period of natural oscilla- 
tions. Having measured q and knowing R, N, and S, we can find B 

by Eq. (8.11). By R here is meant the re- 

Copper sistance of the entire circuit including the 
coil, the connecting wires, and the gal- 
vanometer, 

Instead of turning the coil, we may 
switch on (or off) the magnetic field being 
studied, or reverse its direction. 

Fig. 8.5 To measure B, the circumstance is also 

used that the electric resistance of bismuth 

grows greatly under the action of a magnetic field—by about five per 

cent per tenth of a tesla (per 1000 Gs). Consequently, we can deter- 

mine the magnetic induction of a magnetic field -by placing a prelimi- 

narily graduated bismuth coil (Fig. 8.5) into the field and measuring 
the relative change in its resistance. 

We must note that the electric resistance of other metals also 
grows in a magnetic field, but to a much smaller extent. For copper, 
for example, the increase in the resistance is about one-ten thousandth 
of that for bismuth. 


8.4. Eddy Currents 


Induced currents can also be produced in solid massive conductors. 
In this case, they are known as eddy currents. The electric resistance 
of a massive conductor is small, therefore the eddy currents may 
reach a very high value. 

In accordance with Lenz’s rule, eddy currents choose paths and 
directions in a conductor such as to resist by their action the reason 
setting them up as much as possible. This is why good conductors 
moving in a strong magnetic field experience great retardation due 
to the interaction of the eddy currents with the magnetic field. This 
is taken advantage of for damping the movable parts of galvano- 
meters, seismographs, and other instruments. A conducting (for 
example, aluminium) plate in the form of a sector is fastened to 
the movable part of an instrument (Fig. 8.6) and is introduced into 
the gap between the poles of a strong permanent magnet. Movement 
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of the plate causes eddy currents to be produced in it that brake 
the system. The advantage of such a device is that the braking action 
appears only when the plate moves and vanishes when the plate 
is stationary. Therefore, the electromagnetic damper is absolutely 
no hindrance to the instrument accurately arriving at its equilibrium 
position. 

The thermal action of eddy currents is used in induction furnaces. 
Such a furnace is a coil supplied with a high-frequency current of 
a high value. If we place a conducting body inside the coil, intensive 
eddy currents will be produced in it that 
can heat the body up to its melting point. 
This method is used to melt metals in a va- 
cuum. The resulting materials have an ex- 
ceedingly high purity. 

Eddy currents are also used to heat the 
internal metal components of vacuum instal- 
lations in order to degas them. 

Eddy currents are quite often undesir- 
able, and special measures must be taken to 
eliminate them. For example, to prevent the 
losses of energy for heating transformer cores Fig, 8:6 
by eddy currents, the cores are assembled of Sees 
thin insulated sheets. The latter are arranged 
so that the possible directions of the eddy currents will be perpendicu- 
lar to them. The appearance of ferrites (semiconductor magnetic ma- 
terials with a high electric resistance) made it possible to manufacture 
solid cores, 

The eddy currents set up in conductors carrying alternating currents 
are directed so as to weaken the current inside aconductor and increase 
it near the surface. As a result, the fast-varying current is distrib- 
uted unevenly over the cross section of the conductor—it is forced 
out, as it were, to the surface of the conductor, This phenomenon 
is called the skin effect. Owing to this effect, the internal part of 
conductors in high-frequency circuits is useless. This is why the 
conductors used for such circuits have the form of tubes. 


Axis 
of instrument 


8.5. Self-Induction 


An electric current flowing in any loop produces the magnetic flux 
W through this loop. When J changes, ¥ also changes, and the result 
is the induction of an e.m.f. in the loop. This phenomenon is called 
self-induction. 

In accordance with the Biot-Savart law, the magnetic induction B 
is proportional to the current setting up the field. Hence, it follows 
that the current J in a loop and the total magnetic flux ¥ through 
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the Joop it produces are proportional to each other: 
Y = LI (8.12) 


The constant of proportionality Z between the current and the 
total magnetic flux is called the inductance ofa loop. 

A linear dependence of ¥ on J is observed only if the permeability 
u of the medium surrounding the loop does not depend on the field 
strength H, i.e. in the absence of ferromagnetics. Otherwise, p 
is an intricate function of J (through H, see Fig. 7.196), and, since 
B =pouH, the dependence of ¥ on J will also be quite intricate. 
Equation (8.12), however, is also extended to thiscase, and the induc- 
tance L is considered as a function of J. With a constant current I, 
the total flux ¥ can change as a result of changes in the shape and 
dimensions of a loop. 

It can be seen from the above that the inductance L depends 
on the geometry of a loop (i.e. on its shape and dimensions), and 
also on the magnetic properties (on u) of the medium surrounding 
the loop. If the loop is rigid and there are no ferromagnetics near 
it, the inductance L is a constant quantity. 

The SI unit of inductance is the inductance of a conductor in 
which a total flux ¥ of 1 Wb linked with it is set up at a current 
of 1 A in the conductor. This unit is called the henry (H). 

In the Gaussian system of units, the inductance has the dimension 
of length. Accordingly, the unit of inductance in this system is 
called the centimetre. A loop with which a flux of 1 Mx (10-8 Wb) 
is linked at a current of 1 cgsm; (i.e. 10 A) has an inductance of 1 cm. 

Let us calculate the inductance of a solenoid. We shall take a sole- 
noid so long that it can virtually be considered infinite. When 
a current J flows in it, a homogeneous field is produced inside the 
solenoid whose induction is B = pyunJ [see Eqs. (6.108) and (1.26). 
The flux through each of the turns is © = BS, and the total magnetic 
flux linked with the solenoid is 


Y= NO=niBS = poun2lSI (8.13) 


where 7 = length of the solenoid (which is assumed to be very great) 
S = cross-sectional area 4 
n = number of turns per unit length (the product nl gives 
the total number of turns N). 
A comparison of Eqs. (8.12) and (8.13) gives the following expres- 
sion for the inductance of a very long solenoid: 


L= pop nls = popn2V (8.14) 


where V = IS is the volume of the solenoid, 

It follows from Eq. (8.14) that the dimension of Ho equals that 
of inductance divided by the dimension of length. Accordingly, 
Wo is measured in henry per metre [see Eq. (6.3)]. 
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When the current in a loop changes, a self-induced e.m.f. 6, is 
set up that equals 


O nid Were dT aE 
STan annar n age hl d eov) 


If the inductance remains constant when the current changes (which 
is possible only in the absence of ferromagnetics), the expression 
for the self-induced e.:m.f. becomes 


$= y eak (8.16) 


The minus sign in Eq. (8.16) is due to Lenz’s rule according to which 
an induced cunent is directed so as to oppose the cause producing 
it. In the case being considered, what sets up 6, is the change of 
the current in the circuit. Let. us assume clockwise circumvention 
to be the positive direction: In these conditions, the current will 
be greater than zero if it flows clockwise in the circuit and less than 
zero if it flows counterclockwise. Similarly, 8, will be greater. than 
zero if it is exerted in a clockwise direction, and less than zero if it 
is exerted in a counterclockwise one. 

The derivative dI/dt is positive in two cases—either upon a growth 
in a positive current or upon a decrease in the absolute value of 
a negative current. Inspection of Eq. (8.16) shows that in these cases 
Es <0. This signifies that the self-induced e.m.f. is directed counter- 
clockwise and, therefore, is opposed to the above current changes (a 
growth in a positive or a decrease in a negative current). 

The derivative dI/dt is negative also in two cases—either when 
a positive current diminishes, or when the magnitude of a negative 
current grows. In these cases, €s >0 and, consequently, opposes 
changes in the current (a decrease in a positive or a growth in the 
magnitude of a negative current). 

Equation (8.16) makes it possible to define the inductance as 
a constant of proportionality between the rate of change of the 
current in a loop and the resulting self-induced e.m.f. Such a defini- 
tion is lawful, however, only when ZL = const. In the presence of 
ferromagnetics, L of an undeforming loop will be a function of I 
(through H). Hence, dL/dt can be written as (dL/dI)(dI/dt). Making 
such a substitution in Eq. (8.15), we get 


8,—=—(L+1-42) (8.47) 


We can thus see that in the presence of ferromagnetics the constant 
of proportionality between d//dt and 8, does not at all equal Z. 
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8.6. Current When a Circuit 
Is Opened or Closed 


According to Lenz's rule, the additional currents set up owing 
to self-induction are always directed so as to prevent any changes 
in the current in a circuit. The result is that a current grows to its 
steady value when a circuit is closed or drops to zero when the circuit 

is opened not instantaneously, but gradually. 

L Let us first find how a current changes when the 
switch of a circuit is opened. Assume that a current 
source of e.m.f. € is connected in a circuit with an 

R inductance Z not depending on J and a resistance R 
(Fig. 8.7). The steady current flowing in the circuit 


will be 
n=% (8.18) 
sH & (we consider the resistance of the current source to 


be negligibly small). 

At the moment ¢ = 0, let us switch off the current 
source and simultaneously short the circuit by means 
of switch Sw. As soon as the current in the circuit begins to dim- 
inish, a self-inductance e.m.f. opposing this decrease appears. The 
current in the circuit will comply with the equation 


IR=8,=—L 4 


Fig. 8.7 


or 
aI R 
aty I=0 (8.19) 


Equation (8.19) is a linear homogeneous differential equation of the 
first order. Separating variables, we get 


whence 
laJ=— fey Inconst 


(with a view to further transformations, we have written the integra- 
tion constant in the form “In const”). Converting this relation to 
a power yields 


I=const x exp ( -2 t) (8.20) 


Equation (8.20) is a general solution of Eq. (8.19). We shall find 
the value of the constant from the initial conditions. When t = 0 
the current had the value given by Eq. (8.18). Hence, const= To 
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Introducing this value into Eq. (8.20), we arrive at the expression 
1=Ipexp (—4 t) (8.21) 


Thus, after the e.m.f. source had been switched off, the current 
in the circuit did not vanish instantaneously, but diminished accord- 
ing to the exponential law (6.21). A plot of the diminishing of I 
is given in Fig. 8.8 (curve 7). The rate of di- 
minishing is determined by the quantity d 

L 
t=F (8.22) 
having the dimension of time and called the 
time constant of the circuit. Substituting 
i/v for R/L in Eq. (8.21), we get 


I=I,exp ( +) (8.23) Fig. 8.8 


According to this equation, t is the time during which the current 
diminishes to 1/e-th of its initial value. A glance at Eq. (8.22) shows 
that the time constant t grows and the current in the circuit dimin- 
ishes at a slower rate with an increasing inductance L and a decreas- 
ing resistance R of the circuit. 

To simplify our calculations, we considered that the circuit is short- 
ed when the current source is switched off. If we simply break a cir- 
cuit with a high inductance, the high induced voltage set up produces 
a spark or an are at the place of breaking of the circuit. 

Now let us consider the closing of a circuit. After the e.m.f. source 
is switched on, a self-induced e.m.f. will act in the circuit apart 
from the e.m.f. € until the current reaches its steady value given 
by Eq. (8.18). Hence, in accordance with Ohm’s law 


IR=8+8,=6-L2 
or 
al R 6 
+i It (8.24) 


We have arrived at a linear inhomogeneous. differential equation 
that differs from Eq. (8.19) only in that the right-hand side contains 
the constant quantity &/L instead of zero. It is known from the 
theory of differential equations that the general solution of a linear 
inhomogeneous equation can be obtained by adding any partial solu- 
tion of it to the general solution of the corresponding homogeneous 
equation (see Sec. 7.4 of Vol. I, p. 192). The general solution of 
our homogeneous equation has the form of Eq. (8.20). It is easy to 
see that J = 6/R = I, isa partial solution of Eq. (8.24). Hence, 
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the function 
I= I+ const x exp (-# t) 


will be the general solution of Eq. (8.24). At the initial moment, 
the current is zero. Thus, const = —J,, and 


1=1,[1—exp (-4 t)] (8.25) 


This function describes the growth of the current in a circuit after 
a source of an e.m.f. has been switched on in it. A plot of function 
(8.25) is shown in Fig. 8.8 (curve 2). 


8.7. Mutual Induction 


Let us take two loops J and 2 close to each other (Fig. 8.9). If 
the current J, flows in loop J, it sets up through loop 2 a total magnetic 
flux proportional to I i.e. 


Y= Lal, (8.26) 
(the field producing this flux is depicted in the figure by solid lines), 
When the current J, changes, the e.m.f. 


825 -La Ha (8.27) 


Fig. 8.9 


is induced in loop 2 (we assume that there are no ferromagnetics 
near the loops). E 
Similarly, when the current J, flows in loop 2, the following flux 
linked with loop 7 appears: 
Y= Lal, (8.28) 
(the field producing this flux is depicted in the figure by dash lines). 
When the current J, changes, the e.m.f, 
B1= Ly He (8.29) 
is induced in loop Z. 
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Loops 7 and 2 are called coupled, while the phenomenon of the 
setting up of an e.m.f, in one of the loops upon changes in the current 
in the other is called mutual induction, 

The coefficients of proportionality Z,, and L,, are called the 
mutual inductances of the loops. The relevant calculations show 
that in the absence of ferromagnetics these 
coefficients are always equal to each other: 


La= Ly (8.30) 


Their magnitude depends on the shape, di- 
mensions, and mutual arrangement of the 
loops, and also on the permeability of the 
medium surrounding the loops. The quantity 
Ly, is measured in the same units as the 
inductance L. 

Let us find the mutual inductance of two 
coils wound onto a common toroidal iron core 
(Fig. 8.10). The magnetic induction lines 
are concentrated inside the core [see the 
text following Eq. (7.37)]. We can therefore 
consider that the magnetic field set up by 
any of the windings will have the same strength throughout the core. 
If the first winding has N, turns and the current J, flows through 
it, then according to the theorem on circulation [see Eq. (7.11)1, 


we have 
Hl = Nil, (8.34) 


(here Z is the length of the core). 

The magnetic flux through the cross section of the core is Ọ = 
= BS = popH S, where S is the cross-sectional area of the core. 
Introducing the value of H from Eq. (8.31) and multiplying the 
expression obtained by Nz, we get the total flux linked with the 
second winding: 


Y, = s po Nal, 
A comparison of this equation with Eq. (8.26) shows that 
Lz =$ Hohl Ny (8.32) 


Calculations of the flux ¥, linked with the first winding when the 
current J, flows through the second winding yields the equation 


La= 7 MeN N, (8.33) 


which coincides in form with La [see Eq. (8.32)]. In the given case, 
however, we cannot assert that Lis = La. The factor p in the ex- 
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Pressions for these coefficients depends on the field strength H in 
the core. If N, Ny, then the same current passed once through the 
first winding and another time through the second one will set up 
a field of different strength H in the core. Accordingly, the values of 
in both cases will be different so that when I, = I, the numerical 
values of Ly, and La do not coincide. 


8.8. Energy of a Magnetic Field 


Let us consider the circuit shown in Fig. 8.14. When the switch 
is closed, the current J will be set up in the solenoid. It will producea 
magnetic field linked with the solenoid turns. If the switch is opened, 
a gradually diminishing current 
will flow for a certain time through 
resistor R. This current is maintained 
by the self-induced e.m.f. produced in 
the solenoid. The work done by the cur- 
rent during the time dt is 


dA= 8,0 dt= —2 fat=—1a¥ 
(8.34) 
If the inductance of the solenoid does 


not depend on J (Z = const), then 
d¥ = LdI, and Eq. (8.34) becomes 
dA = —LI dI (8.35) 

Integrating this expression with respect to J within the limits from 
the initial value of I to zero, we get the work done in the circuit 
during the entire time needed for vanishing of the magnetic field: 

0 
A=— J Lidi= (8.36) 


Fig. 8.14 


The work (8.36) is spent on an increment of the internal energy 
of the resistor R, the solenoid, and the connecting wires (i.e. on 
heating them). This work is attended by vanishing of the magnetic 
field that initially existed in the space surrounding -the solenoid. 
Since no other changes occur in the bodies surrounding the circuit, 
it remains for us to conclude that the magnetic field is a carrier 
of energy, and it is exactly at the expense of the latter that the work 
given by Eq. (8.36) is done. We thus arrive at the conclusion tha 
a conductor of inductance L carrying the current J has the energy 


_ Lt 37 
wat (8.37) 
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that is localized in the magnetic field set up by the current [compare 
this equation with the expression CU?/2 for the energy of a charged 
capacitor; see Eq, (4.5)). 

Equation (8.36) can be interpreted as the work that must be done 
against the self-induced e.m.f. when the current grows from 0 to J, 
and that is used to set up a magnetic field having the energy given 
by Eq. (8.37). Indeed, the work done against the self-induced e.m.f. is 


} a 
A= | (—8,) Tat 
0 


Performing transformations similar to those which led us to Eq, (8.35), 
we get 


I 
A= f LId = 4> (8.38) 
0 


that coincides with Eq. (8.36). The work according to Eq. (8.38) 
is done when the current sets in at the expense of the e.m.f. source. 
It is used completely for producing a magnetic field linked with 
the solenoid turns. Equation (8.38) takes no account of the work 
spent by the e.m.f. source for heating the conductors during the 
time the current reaches its steady value, 

Let us express the energy of a magnetic field given by Eq. (8.37) 
through quantities characterizing the field itself. For a long (virtually 


infinite) solenoid 
L=popr’V, H=nl, or =H 


[see Eqs. (8:14) and (7.29)]. Using these values of Land J in Eq. (8.37) 
and performing the relevant transformations, we obtain 


wa wn y (8.39) 


It was shown in Sec. 6.12 that the magnetic field of an infinitely 
long solenoid is homogeneous and differs from zero only inside the 
solenoid. Hence, the energy according to Eq. (8.39) is localized inside 
the solenoid and is distributed over its volume with a constant den- 
sity w that can be found by dividing W by V. This division yields 

va ee (8.40) 
Using Eq. (7.17), we can write the equation for the energy density 
of a magnetic field as follows: 


w= bai HB B (8.44) 
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The expressions we have obtained for the energy density of a mag- 
netic field differ from Eqs. (4.11) for the energy density of an electric 
field only in that the electrical quantities in them have been replaced 
with the relevant magnetic ones. i 

Knowing the density of the field energy at every point, we can 
find the energy of the field enclosed in any volume V. For this pur- 
pose, we must calculate the integral 


w= oe ad (8.42) 
v 
It can be shown that for coupled loops (in the absence of ferromag- 
netics) the field energy is determined by the equation 
W= Lit + al + Latil + Iuel (8.43) 


A similar expression is obtained for the energy of N loops coupled 
to one. another: 


N 
4 
W=s >} Li pl lp (8.44) 
i, het 
where L}, = Lr, is the mutual inductance of the i-th and k-th loops, 
and L;,; = L; is the inductance of the i-th loop. 


8.9. Work in Magnetic Reversal 
of a Ferromagnetic 


Changes in a current in a circuit are attended by the performance 
of work against the self-induced e.m.f.: 


dA’ =(—8)I dt E I dt= I dY (8.45) 


If the inductance of the circuit L remains constant (which is possible 
only in the absence of ferromagnetics), this work is used completely 
for producing the energy of a magnetic field: dA’ = dW. We shall 
now see that matters are different when ferromagnetics are present. 

For a very long (“infinite”) solenoid, H = nI, W = nlBS. Hence, 


t=4, avanisaB 
Introducing these expressions into Eq. (8.45), we get 
dA' = HdB-y (8.46) 


where V = JS is the volume of the solenoid, i.e. the volume in which 
a homogeneous magnetic field has been produced. 


Electromagnetic Induction 199 


Let us see whether we can identify Eq. (8.46) with the increment 
of the energy of a magnetic field. We remind our reader that energy 
is a function of state. Therefore, the sum of its increments for a cyclic 
process is zero: 


faw =0 


If we fill a solenoid with a ferromagnetic, then the relation between 
B and H is depicted by the curve shown in Fig. 8.12. The expres- 
sion H dB gives the area of the hatched 


strip. Consequently, the integral © H dB 8 


calculated along the hysteresis loop equals 
the area S; enclosed by the loop. Thus, 
the integral of expression (8.46), i.e. 


$ dA’, ‘differs from zero. It therefore fol- 


lows that in the presence of ferromagne- 
tics, the work given by Eq. (8.46) cannot 
be equated to the increment of the energy 
of a magnetic field. Upon completion of 
the cycle of magnetic reversal, H and B 
and, therefore, the magnetic energy will Fig. 8.12 
have their initial values. Hence, the work 


$da’ is not used to produce the energy of a magnetic field. Exper- 


iments show that it is used to increase the internal energy of the 
ferromagnetic, i.e. to heat it. 

Thus, the completion of one cycle of magnetic reversal of a ferro- 
magnetic is attended by the expenditure of work per unit volume 
numerically equal to the area of the hysteresis loop: 


Auvoi= Q H dB =S; (8.47) 


This work goes to heat the ferromagnetic, ; ; 

In the absence of ferromagnetics, B is an unambiguous function 
of H (B = opH, where p = const). Therefore, the expression 
H dB = muH dH is a total differential 


dw = H dB (8.48) 


determining the increment of the energy of a magnetic field. Integra- 
tion of Eq. (8.48) within the limits from 0 to H leads to Eq. (8.40) 
for the density of the field energy (before performing integration, 
HdB must be transformed by substituting poydH for dB). 


CHAPTER 9 MAXWELL’S EQUATIONS 


9.4. Vortex Electric Field 


Let us consider electromagnetic induction when a wire loop in 
which a current is induced is Stationary, and the changes in the mag- 
netic flux are due to changes in the magnetic field. The setting up 
of an induced current signifies that the changes in the magnetic 
field produce extraneous forces in the loop that are exerted on the 
current carriers. These extraneous forces are associated neither with 
chemical nor with thermal processes in the wire. They also cannot be 
magnetic forces because such forces do not work on charges. It 
remains to conclude that the induced current is due to the electric 
field set up in the wire. Let us use the symbol E» to denote the 
strength of this field (this symbol, like the one E, used below, is 
an auxiliary one; we shall omit the subscripts B and q later on). 
ihe e.m.f. equals the circulation of the vector E, around the given 
oop: 


g= Ed (9.1) 


Introducing into the equation §; = —d®/dt Eq. (9.1) for 8; 
and the expression f Bas for ®, we arrive at the equation 


$Ead—— 3, | Bas 


(the integral in the right-hand side of the equation is taken over 
an arbitrary surface resting on the loop). Since the loop and the 
surface are Stationary, the operations of time differentiation and 
integration over the surface can have their places exchanged: 


$ Esdi=— f 2 as (9.2) 


In connection with the fact that the vector B depends, generally 
speaking, both on the time and on the coordinates, we have put 
the symbol of the partial time derivative inside the integral (the 


integral | BdS is a function only of time). 
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Let us transform the left-hand side of Eq. (9.2) in accordance with 
Stokes’s theorem. The result is 


dB 
f Esa -—( 7s 


Owing to the arbitrary nature of choosing the integration surface, 
the following equation must be obeyed: 

[VEs] = — (9.3) 
The curl of the field E z at each point of space equals the time deriv- 
ative of the vector B taken with the opposite sign. 

The British physicist James Maxwell (1831-1879) assumed that 
a time-varying magnetic field causes the field Ep to appear in space 
regardless of whether or not there is a wire loop in this space. The 
presence of a loop only makes it possible to detect the existence of 
an electric field at the corresponding points of space as a result of 
a current being induced in the loop. 

Thus, according to Maxwell’s idea, a time-varying magnetic 
field gives birth to an electric field. This field E , differs appreciably 
from the electrostatic field E; set up by fixed charges. An electrostatic 
field is a potential one, its strength lines begin and terminate at 
charges, The curl of the vector E, is zero at any point: 

[VE] =0 (9.4) 


[see Eq. (4.412)]. According to Eq. (9.3), the curl of the vector E g 
differs from zero. Hence, the field E p, like a magnetic field, is a vor- 
tex one. The strength lines of the field E are closed. 

Thus, an electric field may be either a potential (Eq) or a vortex 
(E p») one. In the general case, an electric field can consist of the 
field E, produced by charges and the field Ey set up by a time- 
varying magnetic field. Adding Eqs. (9.4) and (9.3), we get the fol- 
lowing equation for the curl of the strength of the total field E = 
= E, + Ez: 


[VE]= -Æ (9.5) 


This equation is one of the fundamental ones in Maxwell's electro- 
magnetic theory. s 
The existence of a relationship between electric and magnetic 
fields [expressed in particular by Eq. (9.5)] is a reason why the sepa- 
rate treatment of these fields has only a relative meaning. Indeed, 
an electric field is set up by a system of fixed charges. If the charges 
are fixed relative to a certain inertial reference frame, however, they 
are moving relative to other inertial frames and, consequently, 
set up not only an electric, but also a magnetic field. A stationary 
wire carrying a steady current sets up a constant magnetic field 
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at every point of space. This wire is in motion, however, relative 
to other inertial frames. Consequently, the magnetic field it sets 
up at any point with the given coordinates z, y, z will change and 
therefore give birth to a vortex electric field. Thus, a field which 
is “purely” electric or “purely” magnetic relative to a certain reference 
frame will be a combination of an electric and a magnetic field 
forming a single electromagnetic field relative to other reference 
frames. 


9.2. Displacement Current 


For a stationary (i.e. not varying with time) electromagnetic 
field, the curl of the vector H by Eq. (7.9) equals the density of the 
conduction current at each point: 

[VH] = j 


The vector j is associated with the charge density at the same point 
by continuity equation (5.14): 


An electromagnetic field can be. stationary only provided that 
the charge density p and the current density j do not depend on the 


w 


~ 


time. In this case, according to Eq. (5.11), the divergence of j equals 
zero. Therefore, the current lines (lines of the vector j) have no 
sources and are closed. 

Let us see whether Eq. (7.9) holds for time-varying fields. We shall 
consider the current flowing when a capacitor is charged from a source 
of constant voltage U. This current varies with time (the current 
stops flowing when the voltage across the capacitor becomes equal 
to U). The lines of the conduction current are interrupted in the 
space between the capacitor plates (Fig. 9.1; the current lines inside 
the plates are shown by dash lines). 
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Let us take a circular loop T enclosing the wire in which the current 
flows toward the capacitor and integrate Eq. (7.9) over surface S, 
intersecting the wire and enclosed by the loop: 


Jivmas— fias 
i A 


Transforming the left-hand side according to Stokes’s theorem 
we get the circulation of the vector H over loop T: 


t ii (9.6) 
rT 1 


(I is the current charging the capacitor). After performing similar 
calculations for surface S, that does not intersect the current-carrying 
wire (see Fig. 9.1), we arrive at the obviously incorrect relation 


isan lag a (9.7) 
r 


The result we have obtained indicates that for time-varying fields 
Eq. (7.9) stops being correct. The conclusion suggests itself that this 
equation lacks an addend depending on the time derivatives of the 
fields. For stationary fields, this addend vanishes. 

That Eq. (7.9) is not correct for non-stationary fields is also indi- 
cated by the following reasoning. Let us take the divergence of both 
sides of Eq. (7.9): 

v [VH] = vi 


The divergence of a curl must equal zero [see Eq. (1.106]. We thus 
arrive at the conclusion that the divergence of the vector j must 
also always equal zero. But this conclusion contradicts the conti- 
nuity equation (5.11). Indeed, in non-stationary processes, p may 
change with time (this, in particular, is what happens with the charge 
density on the plates of a capacitor being charged). In this case in 
accordance with Eq. (5.41), the divergence of j differs from zero. 

To bring Eqs. (7.9) and (5.14) into agreement, Maxwell intro- 
duced an additional addend into the right-hand side of Eq. (7.9). 
It is quite natural that this addend should have the dimension of 
current density. Maxwell called it the density of the displacement 
current. Thus, according to Maxwell, Eq. (7.9) should have the 


form 
[VH] = j + ja (9.8) 


The sum of the conduction current and the displacement current 
is usually called the total current. The density of the total current is 


jtt =} + ja (9.9) 
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If we assume that the divergence of the displacement current equals 
that of the conduction current taken with the opposite sign: 


Via = —Vi (9.40) 


then the divergence of the right-hand: side of Eq. (9.8), like that 
of the left-hand side, will always be zero. 

Substituting 4p/dt for Vj in Eq. (9.10) in accordance with Eq. (5.11) 
we get the following expression for the divergence of the displace- 
ment current: 

; _ op 
To associate the displacement current with quantities characterizing 
the change in an electric field with time, let us use Eq. (2.23) accord- 
ing to which the divergence of the electric displacement vector 
equals the density of the extraneous charges: 


VD =p 

Time differentiation of this equation yields 

a — 2 

or WD) =ar 
Now let us change the sequence of differentiation with respect to 
time and to the coordinates in the left-hand side. As a result, we get 
the following. expression for the derivative of p with respect to t: 

dp _ ôD 

wa (er) 


Introduction of this expression into Eq. (9.44) yields 


Via= Vv ($) 
Hence, 
et) 12 
h= na 


Using Eq. (9.12) in Eq. (9.8), we arrive at the equation 
(vH}=j+2 (9-48) 


which, like Eq. (9.5), is one of the fundamental equations in Max- 
well’s theory. pi 
We must underline the fact that the term “displacement current 
is purely conventional. In essence, the displacement current is 
a time-varying electric field. The only reason for calling the quantity 
given by Eq. (9.12) a “current” is that the dimension of this quantity 
coincides with that of current density. Of all the physical properties 
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belonging to a real current, a displacement current has only one— 
the ability of producing a magnetic field. 

The introduction of the displacement current determined by 
Eq. (9.12) has “given equal rights” to an electric field and a magnetic 
field. It can be seen from the phenomenon of electromagnetic induc- 
tion that a varying magnetic field sets up an electric field. It follows 
from Eq. (9.13) that a varying electric field sets up a magnetic field. 

There is a displacement current wherever there is a time-varying 
electric field. In particular, it also exists inside conductors carrying 
an alternating electric current. The displacement current inside 
conductors, however, is usually negligibly small in comparison with 
the conduction current. 

We must note that Eq. (9.6) is approximate. For it to become 
quite strict, we must add a term to its right-hand side that takes 
account of the displacement current due to the weak dispersed elec- 
tric field in the vicinity of surface S,. 

Let us convince ourselves that the surface integral of the right- 
hand side of Eq. (9.8) has the same value for surfaces S, and S, 
(see Fig. 9.4). Both the conduction current and the displacement cur- 
rent due to the electric field outside the capacitor “flow” through 
surface S,. Hence, for the first surface, we have 


sitet sera tl DdS=I4+4 D, in 
1 i 


(we have changed the sequence of the operations of differentiation 
with respect to time and integration over the coordinates in the 
second addend). The quantity designated by the letter J is the current 
flowing in the conductor to the left-hand plate of the capacitor, 
®, in is the flux of the vector D flowing into the volume V bounded 
by surfaces S, and S, (see Fig. 9.1). 

For the second surface, j = 0, consequently 


iiaa | Dda non 
3 


where @, out is the flux of the vector D flowing out of volume V 


through surface S». 
The difference between the integrals is 


Int,— Int, = D, out =a D, in—T 


The current J can be represented as dq/dt, where q is the charge on 
a capacitor plate. The flux passing inward through surface S, equals 
the flux passing outward through the same surface taken with the 
Opposite sign. Substituting —®, out for ,,;, and dg/dt for I, 
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Int, — Int, = zr (Pe, out +s, out) — Fe = gr (0—4) (9-44) 


where Mp is the flux of the vector D through the closed surface 
formed by surfaces S; and S,. According to Eq. (2.25), this flux 
must equal the charge enclosed by the surface. In the given case, 
it is the charge q on a capacitor plate. Thus, the right-hand side of 
Eq. (9.14) equals zero. It follows that the magnitude of the surface 
integral of the total current density vector does not depend on the 
choice of the surface over which the integral is being calculated. 

We can construct current lines for the displacement current like 
those for the conduction current. According to Eq. (2.35), the elec- 
tric displacement in the space between the capacitor plates equals 
the surface charge density on a plate: D = o. Hence, 


D =0 
The left-hand side gives the density of the displacement current 
in the space between the plates, and the right-hand side—the density 
of the conduction current inside the plates. The equality of these 
densities signifies that the lines of the conduction current uninter- 
ruptedly transform into lines of the displacement current at the 


boundary of the plates. Consequently, the lines of the total current 
are closed. 


9.3. Maxwell’s Equations 


The discovery of the displacement current permitted Maxwell to 
present a single general theory of electrical and magnetic phenom- | 
ena. This theory explained all the experimental facts known at 
that time and predicted a number of new phenomena whose existence 
was confirmed later on. The main corollary of Maxwell’s theory was | 
the conclusion on the existence of electromagnetic waves propagating 
with the speed of light. Theoretical investigation of the properties 
of these waves led Maxwell to the electromagnetic theory of light. 

The theory is based on Maxwell’s equations. These equations play 
the same part in the science of electromagnetism as Newton’s laws 
do in mechanics, or the fundamental laws in thermodynamiv 
y vA first pair of Maxwell’s equations is formed by Eqs. (9.5) an 


[VE] = — 2B (9.5) 
VB=0 (7.3) 
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The first of them relates the values of E to changes in the vector B 
in time and is in essence an expression of the law of electromagnetic 
induction. The second one points to the absence of sources of a mag- 
netic field, i.e. magnetic charges. 

The second pair of Maxwell’s equations is formed by Eqs. (9.13) 
and (2.23): 


(VH]=j+2 (9.43) 
vD=p (2.23) 


The first of them establishes a relation between the conduction and 
displacement currents and the magnetic field they produce. The 
eroaa one shows that extraneous charges are the sources of the vec- 
tor 

Equations (9.5), (7.3), (9.13), and (2.23) are Maxwell’s equations 
in the differential form. We must note that the first pair of equations 
includes only the basic characteristics of a field, namely, E and B. 
The second pair includes only the auxiliary quantities D and H. 

Each of the vector equations (9.5) and (9.18) is equivalent to three 
scalar equations relating the components of the vectors in the left- 
hand and right-hand sides of the equations. Using Eqs. (1.81) and 
(1.92)-(1.94), let us present Maxwell’s equation in the scalar form: 


ðE, Fy | ðB% ) 
oy a: a e gt | 
OE an ea a (9.15) 
Oz Oz ôt 
OE, Ex ôB, | 
Ai AR 
aBy , OBy | aB, _ ; 
ae EET ART AAY (9.16) 
(the first pair of equations), 
aH, Hy . | əDy 
aye Oz Slat at 
OH, ôH: . aDy 9.17 
uae rae aor (9:40 
PH _ Os _y 4 2D 
- Oz oS Ce 
aD | Py , ôD: 9.18 
ee toy ta =P caste 


(the second pair of equations). 
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We get a total of 8 equations including 12 functions (three com- 
ponents each of the vectors E, B, D, H). Since the number of equa- 
tions is less than the number of unknown functions, Eqs. (9.5), 
(7.3), (9.13), and (2.23) are not sufficient for finding the fields accord- 
ing to the given distribution of the charges and currents. To cal- 
culate the fields, we must add equations relating D and j to E, 
and also H to B to these equations. They have the form 


D=e,eE (2.21) 
B=1,pH (7.47) 
j=oE (5.22) 


The collection of equations (9.5), (7.3), (9.13), (2.23), and (2.24), 
(7.17), (5.22) forms the foundation of the electrodynamics of media 
at rest. 

The equations 


d 
$ E aafaa (9.49) 
rT 
§Bas—0 (9.20) 
S 
(the first pair) and 
Guae f yasi Das (9.24) 
r 
$Das= f pav (9.22) 
8 y 


(the second pair) are Maxwell’s equations in the integral form. 

Equation (9.19) is obtained by integration of Eq. (9.5) over arbit- 
rary surface S with the following transformation of the left-hand 
side according to Stokes’s theorem into an integral over loop T enclos- 
ing surface S. Equation (9.21) is obtained in the same way from 
Eq. (9.13). Equations (9.20) and (9.22) are obtained from Eqs. (7.3) 
and (2.23) by integration over the arbitrary volume V with the 
following transformation of the left-hand side according to the Ostro- 
gradsky-Gauss theorem into an integral over closed surface S enclos- 
ing volume V. 


CHAPTER 10. MOTION OF CHARGED 
PARTICLES IN ELECTRIC 
AND MAGNETIC FIELDS 


10.1, Motion of a Charged Particle in a 
Homogeneous Magnetic Field 


Imagine a charge e’ moving in a homogeneous magnetic field 
with the velocity v perpendicular to B. The magnetic force imparts 
to the charge an acceleration perpendicular to the velocity 


a, = = oB (10.1) 


[see Eq. (6.33); the angle between v and B is a right one). This accel- 
eration changes only the direction of the velocity, while the magni- 
tude of the latter remains unchanged. Hence, the acceleration given 
by Eq. (10.1) will be constant in magnitude too. In these conditions, 
the charged particle moves uniformly around a circle whose radius 
is determined by means of the equation a, = v*/R. Substituting 
for a, in this equation its value from Eq. (10.1) and solving the result- 
ing equation relative to R, we get 
R=2 (10.2) 

Thus, when a charged particle moves in a homogeneous magnetic 
field perpendicular to the plane in which the motion is taking place, 
the trajectory of the particle is a circle. The radius of the circle 
depends on the velocity of the particle, the magnetic induction of 
the field, and the ratio of the charge of the particle e’ to its mass m, 
The ratio e'/m is called the specific charge. 

Let us find the time 7 needed for the particle to complete one revo- 
lution. For this purpose, we shall divide the length of the circum- 
ference 2nR by the velocity of the particle v. The result is 


Ton (10.3) 


Inspection of Eq. (10.3) shows that the period of revolution of the 
particle does not depend on its velocity. It is determined only by 
the specific charge of the particle and the magnetic induction of the 
field. 

Let us determine the nature of motion of a charged particle when 
its velocity makes the angle a with the direction of a homogeneous 
magnetic field, and œ is not a right angle. We shall resolve the vector 
v into two components: v, perpendicular to B, and v; parallel to 


14—7796 
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B (Fig. 10.1). The magnitudes of these components are 
v,=vsing, vy=vcosa 
The magnetic force has the magnitude 

F=e'vBsina=e'v,B 
and is in a plane at right angles to B. The acceleration produced by 
this force is normal for the component. v 4+ The component of the 
magnetic force in the direction of B is zero. Hence, this force cannot 
affect the magnitude of vy. The motion of the particle can thus be 
considered as the superposition of two motions: (1) translation along 
the direction of B with a constant velocity vy = v cos a, and (2) 
uniform circular motion in a plane at right angles to the vector B. 


\ 

i} 

oa 
l 


Fig. 10.4 Fig. 10.2 


The radius of the circle is determined by Eq. (10.2) with v, = 
=v sin g substituted for v. The tra jectory of motion is a helix (spiral) 
whose axis coincides with the direction of B (Fig. 10.2). The pitch 
of the helix Z can be found by multiplying vy by the period of revo- 
lution T determined by Eq. (10.3): 


I=? = 20% vcosa (10.4) 


The direction in which the helix curls depends on the sign of the 
particle’s charge. If the latter is positive, the helix curls counter- 
clockwise. A helix along which a negatively charged particle is 
moving curls clockwise (it is assumed that we are looking at the 
helix along the direction of B; the particle flies away from us if 
œ < 2/2, and toward us if a > 1/2). 


10.2. Deflection of Moving Charged Particles 
by an Electric and a Magnetic Field 
Let us consider a narrow beam of identically charged particles 


(for example, electrons) that in the absence of fields falls on a screen 
perpendicular to it at point O (Fig. 10.3). Let us find the displace- 
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ment of the trace of the beam produced by a homogeneous electric 
field perpendicular to the beam and acting on a path of length J,. 
Let the initial velocity of the particles be vy. Upon entering the 
region of the field, each particle will move with an acceleration 
a, = (e'/m) E constant in magnitude and in direction and perpen- 
dicular to vo (here e’/m is the specific charge of a particle). Motion 


Fig. 10.3 


under the action of the field continues during the time t= 1,/vy. 
During this time, the particles will be displaced over the distance 


429 
w=putape ed (10.5) 


and will acquire the following velocity component perpendicular 
to vo: 


my fein EA, 
vyp=ayt ES 


The particles now fly in a straight line in a direction that makes 
with the vector v the angle a determined by the expression 


tang ba E 4 (10.6) 


As a result in addition to the displacement given by Eq. (10.5), 
the beam receives the displacement 


e 
m 


Y= lh tana= -E a 
where Z is the distance to the screen from the boundary of the region 


which the field is in. t ) 
The displacement of the trace of the beam relative to point 0 


is thus A 
y=utn= EA (7hL+h) (10.7) 
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Taking into account Eq. (10.6), the expression for the displacement 
can be written in the form 


y=($4+4h) tana 


It thus follows that the particles leaving the field fly as if they 
were leaving the centre of the capacitor setting up the field at the 
angle a determined by means of Eq. (10.6). 

Now let us assume that on a particle path of J, a homogeneous 
magnetic field is switched on perpendicular to the velocity Vo of the 
particles (Fig. 10.4; the field is perpendicular to the plane of the 


Fig. 10.4 


drawing, the region of the field is surrounded by a dash circle). Under 
the action of the field, each particle receives the acceleration a, = 
= (e'/m) vB constant in magnitude. Limiting ourselves to the case 
when the deflection of the beam by the field is not great, we can consid- 
er that the acceleration a, is constant in magnitude and perpen- 
dicular to vy. Hence, we can use the equations we have obtained for 
calculating the displacement, replacing the acceleration a, = (e'/m)E 
in them with the value a, = (e’/m) vB. As a result, we get the fol- 
loving expression for the displacement, which we shall now denote 
yiz 


E pd ’ 
r R, ae 


The angle through which the beam is deflected by the magnetic 
field is determined by the expression 


tanp= pk (10.9) 
m vo. 
With a view to Eq. (10.9), we can write Eq. (10.8) in the form 


z=(4 +h) tanB 
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Consequently, upon small deflections, the particles after leaving 
the magnetic field fly as if they had left the centre of the region con- 
taining the deflecting field at the angle B whose magnitude is deter- 
mined by Eq. (40.9). l 

Inspection of Eqs. (10.7) and (10.8) shows that both the deflection 
by an electric field and the deflection by a magnetic one are propor- 
tional to the specific charge of the particles. 

The deflection of a beam of electrons by an electric or magnetic 
field is used in cathode-ray tubes. A tube with electrical deflection 


Fig. 10.5 


(Fig. 10.5), apart from the so-called electron gun producing a narrow 
beam of fast electrons (an electron beam), contgins two pairs of 
mutually perpendicular deflecting plates. By feeding a voltage to 
any pair of plates, we can produce a proportional displacement of 
the electron beam in a direction normal to the given plates. The screen 
of the tube is coated with a fluorescent composition. Therefore, 
a brightly luminescent spot appears on the screen where the electron 
beam falls on it. 

Cathode-ray tubes are used in oscillographs—instruments making 
it possible to study rapid processes. A voltage changing linearly with 
time (the scanning voltage) is fed to one pair of deflecting plates, 
and the voltage being studied to the other. Owing to the negligibly 
small inertia of an electron beam, its deflection without virtually 
any delay follows the changes in the voltages across both pairs of 
deflecting plates, and the beam draws on the oscillograph screen 
a plot.of time dependence of the voltage being studied. Many non- 
electrical quantities can be transformed into electric voltages with 
the aid of the relevant devices (transducers). Consequently, oscillo- 
graphs are used to study the most diverse processes. 

A cathode-ray tube is an integral part of television equipment. 
In television, tubes with magnetic control of the electron beam are 
used most frequently. In these tubes, the deflecting plates are replaced 
with two external mutually perpendicular systems of coils each 
of which sets up a magnetic field perpendicular to the beam. Chang- 
ing of the current in the coils produces motion of the light spot created 


by the electron beam on the screen. 


214 Electricity and Magnetism 
ee ae O OSR 


10.3. Determination of the Charge and Mass 
of an Electron 


The specific charge of an electron (i.e. the ratio e/m) was first 
measured by the British physicist Joseph J, Thomson (1856-1940) in 
1897 with the aid of a discharge tube like the one shown in Fig. 10.6. 
The electron beam (cathode rays; see Sec. 12.6) emerging from the 
opening in anode A passed between the plates of a parallel-plate 
capacitor and impinged on a fluorescent screen producing a light 
spot on it. By feeding a voltage to the capacitor plates, it was pos- 
sible to act on the beam with a virtually homogeneous electric field. 


+ 
Fig. 10.6 


The tube was placed between the poles of an electromagnet, which 
could produce a homogeneous magnetic field Perpendicular to the 
electric one on the same portion of the path of the electrons (the region 
of the magnetic field is shown in Fig. 10.6 by the dash circle). When 
the fields were switched off, the beam impinged on the screen at 
point O. Each of the fields separately caused deflection of the beam 
in a vertical direction. The magnitudes of the displacements were 
determined with the aid of Eqs. (10.7) and (10.8) obtained in the 
preceding section. : 

After switching on the magnetic field and measuring the displace- 
ment of the beam trace 


r= Bt ($144) (10.40) 


which it produced, Thomson also switched on the electric field 
and selected its value so that the beam would again reach point 0. 
In this case, the electric and magnetic fields acted on the electrons 
of the beam simultaneously with forces identical in value, but 
opposite in direction. The condition was observed that 


eE = ev,B (40.44) 
By solving the simultaneous equations (10.10) and (40.41), Thomson 
calculated e/m and vp. 


H. Busch used the method of magnetic focussing to determine the 
specific charge of electrons. The essence of this method consists in 


Motion of Charged Particles 2415 


the following. Assume that a slightly diverging beam of electrons 
having a velocity v identical in magnitude flies out from a certain 
point of a homogeneous magnetic field. The beam is symmetrical 
relative to the direction of the field. The directions in which the elec- 
trons fly out form small angles œ with the direction of B. It was shown 
in Sec. 10.4 that the electrons in this case travel along helical trajec- 
tories, performing during the identical time 


m 4 
=a 


a complete revolution and being displaced along the direction of the 
field over the distance / equal to 


=veosa-T (10.12) 


Owing to the smallness of the angles a, the distances (10.12) for 
different electrons are virtually the same and equal v7' (for small 


i 


Fig. 10.7 


angles cos œ œ 1). Consequently, the slightly diverging beam is 
focussed at a point that is at the distance 


l= = 20> + (40.43) 


from the point of emergence of the electrons. 

In Busch’s experiment, the electrons emitted by hot cathode C 
(Fig. 10.7) are accelerated when passing through the potential differ- 
ence U applied between the cathode and anode A. As a result, they 
acquire the velocity v whose value can be found from the relation 


= TE (10.44) 


After next flying out through an opening in the anode, the electrons 
form a narrow beam directed along the axis of the evacuated tube 
inserted into a solenoid. A capacitor fed with a varying voltage is 
placed at the inlet of the solenoid. The field set up by the capacitor 
deflects the electrons of the beam from the axis of the instrument 
through small angles æ changing with time. This leads to “eddying” 
of the beam—the electrons begin to move along different helical 
trajectories. A fluorescent screen is placed at the outlet from the sole- 
noid. If the magnetic induction B is selected so that the distance / 
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from the capacitor to the screen complies with the condition 
V=nl (10.15) 


(l is the pitch of the helix, and n is an integer), then the point of 
intersection of the trajectories of the electrons gets onto the screen— 
the electron beam is focussed at this point and produces a sharp 
luminescent spot on the screen. If condition (40.45) is not observed, 
the luminescent spot on the screen will be blurred. We can find 
Gna v by solving the system of equations (10.13), (10.14), and 

45). 

The most accurate value of the specific charge of an electron estab- 
lished with account taken of the results obtained by different. 
methods, is 


<= 1.76 x 104 C/kg = 5.27 x 101 egseg/g (40.16) 


Equation (10.16) gives the ratio of the charge of an electron to its 
rest mass m. In the experiments conducted by Thomson, Busch, 
and in other similar experiments, the 


= == ratio of the charge to the relativistic 
Atomizer mass 

ul ae nN O 10.47 

o Mr Vi AA ( ) 


+ 

e was determined. In Thomson’s experi- 

if mentas iia speed of the electrons was 

about 0.4c. At such a speed, the rela- 

Mesrowoepe ' tivintio mass'excedda the rest mass by 

Fig. 10.8 0.5%. In subsequent experiments, the 

speed of the electrons reached very high 

values. In all cases, the experimenters discovered a reduction in the 

measured values of e/m with a growth in v, which occurred in com- 
plete accordance with Eq. (10.47). 

The charge of an electron was determined with high accuracy by 
the American scientist Robert Millikan (1886-1953) in 1909. He 
introduced very minute oil droplets into the closed space between 
horizontally arranged capacitor plates (Fig. 10.8). When atomized, 
the droplets became electrolyzed, and they could be suspended in 
mid air by properly choosing the magnitude and the sign of the volt- 
age across the capacitor. Equilibrium set in when the following 
condition was observed: 

P= iE (10.18) 


Here e’ is the charge of a droplet, and P’ is the resultant of the force 
of gravity and the buoyant force equal to 


P= 4 nr (ppo) g (10.19) 
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Q is the density of a droplet, r-is-its radius, and pọ is the density 
of air), 

Equations (10.18) and (10.19) can be used to find e if we know r. 
To determine the radius, the speed v, of uniform falling of a droplet 
was measured in the absence of a field. Uniform motion of a droplet 
sets in provided that the force P’ is balanced by the force of resist- 
angori = 6xnrv [see Eq. (9.24) of Vol. I, p. 264; ņ is the viscosity 
of air]: 

P' = 6x (10.20) 


The motion of a droplet was observed with the aid of a microscope. 
To measure vp, the time was determined during which a droplet 
covered the distance between two threads that could be seen in the 
field of vision of the microscope. 

It is very difficult to accurately suspend « droplet in equilibrium, 
Therefore, instead of a field complying with condition (10.18), 
such a field was switched on under whose action a droplet began 
to move upward with a small speed. The steady speed of rising vg 
is determined from the condition that the force P’ and the force 
6xyrv together balance the force e’E: 


P’ + 6nnrvg=e'E (40,21) 
Excluding P’ and r from Eqs. (10.19), (10.20), and (10.21), we 


get an expression for e’: 


' 2nêv vot vE 
ef = On y pae E (10,22) 


(Millikan introduced a correction into this equation taking into 
account that the dimensions of the droplets were comparable with 
the free path of air molecules). 

Thus, by measuring the speed of free fall of a droplet vp and the 
speed of its rise vg in a known electric field Æ, one could find the 
charge of a droplet e’. In measuring the speed vg at a certain value 
of the charge e’, Millikan ionized the air by radiating X-rays through 
the space between the plates. Separate ions adhered to a droplet and 

As a result, the speed vg also changed. After 


changed its charge. 
measuring the new value of the speed, the space between the plates 


was again irradiated, and so on. h vA 

The changes in the charge of a droplet Ae’ and the charge e€ itself 
measured by Millikan were each time found to be integral multiples 
of the same quantity e. This was an experimental proof of the discrete 
nature of an electric charge, i.e. of the fact that any charge consists 


of elementary charges of the same magnitude. 
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The value of the elementary charge established with a view to 
Millikan’s measurements and to the data obtained in other ways is 


e= 1.60 x 10-#° C= 4.80 x 10-10 CgSeg (10.23) 


The charge of an electron has the same value. 
The rest mass of an electron obtained from Egs. (10.16) and (10.23) 
is 
m=0.91 x 10% kg =0.91 x 10-27 g (10.24) 
It is about 1/1840 of the mass of the lightest of all atoms—the hydro- 
gen atom. à 
The laws of electrolysis established experimentally by Michael 
Faraday in 1836 played a great part in discovering the discrete nature 
of electricity. According to these laws, the mass m of a substance 
liberated when a current passes through an electrolyte* is proportion- 
al to the charge q carried by the current: 
1 M 
m=] (10.25) 
Here M = mass of one mole of the liberated substance 
z = valence of the substance 
F = Faraday's constant (Faraday’s number) equal to 


F = 96.5 x 10° C/mol (10.26) 
Dividing both sides of Eq. (40.25) by the mass of an ion, we get 
iN 
i r 
where W a = Avogadro’s constant 


N = number of ibns contained in the mass m. 
Hence, for the charge of one ion, we have 


rauad EF 
e= N Wa? 


Consequently, the charge of an ion is an integral multiple of the 
quantity < 
i aati ; 
e= Fr (10.27) 
which is the elementary charge. 
Thus, the discrete nature of the charges which ions in electrolytes 


can have follows from an analysis of the laws of electrolysis. 

* Electrol are solutions of salts, alkalies or acids in water and some other 
liquids, and also molten salts that are ionic crystals in the solid state. Chemica 
transformations occur in electrolytes when a current passes through then 5 


to distinguish them from electronic conductors s (conductors of the, a 
y chemical transfo: - 
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Substituting for F in Eq. (10.27) its value from Eq. (10.26) and 
for N a its value found from J. Perrin’s experiments (see Sec. 11.9 
of Vol. I, p. 330), we get a value for e that agrees quite well with that 
found by Millikan. 

Since the accuracy with which Faraday’s constant is determined 
and the accuracy of the value of e obtained by Millikan are greatly 
superior to the accuracy of Perrin’s experiments for determining N 4, 
Eq. (10.27) was used to determine Avogadro’s constant. Here the 
value of F found from experiments in electrolysis and the value of 
e obtained by Millikan were used. 


10.4. Determination of the Specific Charge 
of Ions. Mass Spectrographs 


The methods of determining the specific charge described in the 
preceding section are suitable when all the particles in a beam have 
the same velocity. All the electrons forming a beam are accelerated 
by the same potential difference 
applied between the cathode from 
which they fly out and the anode. 
Therefore, the scattering of the va- 
lues of the velocities of the electrons 
in a beam is very small. If matters 
were different, an electron beam 
would produce a greatly blurred spot 
on the screen, and measurements 
would be impossible. 

Tons are formed asa result of ioni- 
zation of molecules of agas that 
takes place in a volume having an 
appreciable length. Appearing in Fig. 10.9 
different places of this volume, the TEN 
ions then pass through different 
potential differences, and, consequently, their velocities are different. 
Thus, the methods used to determine the specific charge of electrons 
cannot be applied to ions. In 1907, J. J. Thomson developed the 
“method of parabolas”, which made it possible to circumvent the 
difficulty noted above. hg 

In Thomson’s experiment, a narrow beam of positive ions passed 
through a region in which it simultaneously experienced the action 
of parallel electric and magnetic fields (Fig. 10.9). Both fields were 
virtually homogeneous and made a right angle with the initial di- 
rection of the beam. They produced deflections of the ions; the magnet- 
ic field deflected them in the direction of the z-axis, the electric one 


220 Electricity and Magnetism 
a Een 


along the y -axis. According to Eqs. (10.8) and (10.7), these deflections 
are 


(10.28) 


where v = velocity of a given ion with the specific charge e'/m 
l, = length of the region in which the field acts on the beam 
l, = distance from the boundary of this region to the photo 
graphic plate registering the ions impinging on it. 
Equations (10.28) are the coordinates of the point at which an ion 
having the given values of e’/m and the velocity v impinges on the 


Fig. 10.40 


plate. Ions having the same specific charge, but different velocities, 
reached different points of the plate. Eliminating the velocity v. 
from Eqs. (10.28), we get the equation of a curve along which the 
traces of ions having the same value of e’/m are arranged: 


= an enue 10.29 
Y= OF e? (10:29) 
Inspection of Eq. (10.29) shows that ions having identical values 
of e’/m and different values of v left a trace in the form of a parabola 
on the plate. Ions having different values of e'/m occupied different 
parabolas. Equation (10.29) can be used to find the specific charge of 
the ions corresponding to each parabola if the parameters of the in- 
strument are known (i.e. E, B, l, and /,), and the displacements 7 
and y are measured. When the direction of one of the fields was Te- 
versed, the relevant coordinate reversed its sign, and parabolas sym- 
metrical to the initial ones were obtained. Dividing the distance þe- 
tween similar points of symmetrical parabolas in half made it possi- 
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ble to find z and y. The trace left on the plate by the beam with the 
fields switched off gave the origin of coordinates. Figure 10.10 shows 
the first parabolas obtained by Thomson. 

When performing experiments with chemically pure neon, Thom- 
son discovered that this gas produced two parabolas corresponding 
to relative atomic masses of 20 and 22. This result gave rise to the 
assumption that there are two chemically indistinguishable varieties 
of the neon atoms (today we call them isotopes of neon). This assump- 


Fig. 10.44 


tion was proved by the British scientist Francis Aston (1877-1945), 
who improved the method of determining the specific charge of ions. 

Aston’s instrument, which he called a mass spectrograph, was de- 
signed as follows (Fig. 10.141). A beam of ions separated by a system 
of slits was consecutively passed through an electric field and a mag- 
netic field. These fields were directed so that they caused the ions to 
travel to opposite sides, When they passed through the electric field, 
ions with a given value of e'/m were deflected more when their veloc- 
ity was lower. Consequently, the ions left the electric field in the 
form of a diverging beam. The trajectories of the ions were also curved 
more in the magnetic field when their velocity was lower. Since 
the ions were deflected to opposite sides by the two fields, after leav- 
ing the magnetic field they formed a beam converging at one point. 

Ions with other values of the specific charge were focussed at other 
points (the trajectories of the ions for only one value of e'/m are 
shown in Fig. 10.14). The relevant calculations show that points at 
which beams formed by ions having different values of e'/m converge 
are approximately on a single straight line (shown by a dash line in 
the figure). Putting a photographic plate along this line, Aston 
obtained a number of short lines on it, each of which corresponded 
to a definite value of e’/m. The similarity of the image obtained 
on the plate to a photograph of an optical line spectrum was the 
reason why Aston called it a mass spectrogram, and the instrument 
itselfi—a mass spectrograph. Figure 10.12 shows mass spectrograms 
obtained by Aston (the mass numbers of the relevant ions are indi- 
cated opposite the lines). 
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K. Bainbridge designed an instrument of a different kind. In the 
Bainbridge mass spectrograph (Fig. 10.13), a beam of ions first passes 
through the so-called velocity selector that separates ions having a 
definite velocity from the beam. In the selector, the ions experience 
the action of mutually perpendicular electric and magnetic fields 


Fig. 10.12 


that deflect the ions to opposite sides. Only those ions pass through 
the selector slit for which the actions of the electric and magnetic 
fields compensate each other. This occurs when e’E = e'vB. Hence, 
the velocities of the ions leaving the selector regardless of their mass 
and charge have identical values 
equal to v = E/B. 

After leaving the selector, the ions 
get into the region of a homogeneous 
magnetic field of induction B’ at 
right angles to their velocity. In this 
field, they move along circles whose 
radii depend on e’/m: 


mo 
heat ae 


[see Eq. (10.2)]. After completing 

a semi-circle, the ions strike a pho- 

Fig. 40.13 tographic plate at distances of 2R 

from the slit. Hence, the ions of each 

species (determined by the value of e'/m) leave a trace on the plate 

in the form of a narrow strip. The specific charges of the ions can 

be calculated if the parameters of the instrument are known. Since 

the charges of the ions are integral multiples of the elementary 

charge e, at of the ions can be calculated from the found va- 
lues of e’/m. 


Motion of Charged Particles 223 


Numerous kinds of mass spectrographs are in use at present. 
Instruments have also been designed in which the ions are registered 
by means of an electrical device instead of by a photographic plate. 
They are called mass spectrometers. 


10.5. Charged Particle Accelerators 


Experiments using beams of high-energy charged particles play 
a great part in the physics of atomic nuclei and elementary particles. 
The devices used for obtaining such beams are called charged particle 
accelerators. There are many types of such devices. We shall acquaint 
ourselves with the operating principles of 
some of them. 

The Van De Graaff Generator. In 1929, R. 
van de Graaff proposed an electrostatic gen- 
erator based on the fact that surplus charges 
take up a position on the external sur- 
face of a conductor. A schematic view of the 
generator is shown in Fig. 10.14. A hollow 
metal sphere called a conductor is mounted 
on an insulating column. An endless moving 
belt of silk or rubberized fabric mounted on 
shafts is introduced into the sphere. A comb 
of sharp points is installed at the base of the 
column. near the belt. The charge produced 
by a voltage generator (VG) for several 
scores of kilovolts flows onto the belt from 
the comb points. The conductor contains a Fig. 10.44 
second comb onto whose points the charge ne 
flows from the belt. This comb is connected 
to the conductor so that the charge taken off the belt immediately pass- 
es over to its external surface. As charges accumulate on the conduc- 
tor, its potential grows until the charge that leaks away becomes equal 
to the newly supplied charge. The leakage is mainly due to ioniza- 
tion of the gas near the surface of the conductor. The resulting passage 
of a current through the gas is called a corona discharge (see 
Sec. 12.8). The surface of the conductor is carefully polished to reduce 
the corona discharge. [ r 

The potential up to which the conductor can be discharged is 
limited by the circumstance that at a field strength of about 3 MV/m 
(30 kV/cm) a discharge appears in the air at atmospheric pressure. 
For a sphere, Æ = q/r. Therefore, to obtain higher potential differ- 
ences, the size of the conductor has to be increased (up to 10 m in 
diameter). The maximum potential difference that can be obtained 
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in practice with the aid of a van de Graaff generator is about 10 MV 
(10 V). 

Particles are accelerated in a discharge tube (D7) to whose elec- 
trodes the potential difference obtained in the generator is applied. 
A van de Graaff generator is sometimes designed in the form of two 
identical columns near each other whose conductors are charged op- 
positely. In this case, the discharge tube is connected between. the 
conductors. 

It must be noted that the generator belt, conductor, discharge 
tube, and the earth form a closed direct current circuit. Inside the 
tube, the charges move under the action 
of the electrostatic field. Charges are car- 
ried to the conductor from the earth by 
extraneous forces whose part is played by 
the mechanical forces bringing the gen- 
erator belt into motion. 

Betatron. This is the name given to an 
Fie. 4045 induction accelerator of electrons using 

Bf: a vortex electric field. It consists of a to- 

roidal evacuated chamber (a doughnut) 

placed between the poles of an electromagnet of a special shape (Fig. 

10.15). The winding of the magnet is supplied with alternating cur- 

rent having a frequency of about 100 Hz. The varying magnetic field 

produced performs two functions: first, it sets up a vortex electric 

field accelerating the electrons, and, second, it retains the electrons 
in an orbit coinciding with the axis of the doughnut. 

To keep an electron in an orbit of constant radius, the magnetic 
induction of the field must be increased as its velocity grows [accord- 
ing to Eq. (10.2), the radius of the orbit is proportional to v/B]. Con- 
sequently, only the second and fourth quarters of the current period 
can be used for acceleration because at their beginning the current in 
the magnet. winding is zero. A betatron thus operates in pulse condi- 
tions. At the beginning of the pulse, an electron gun feeds a beam of 
electrons into the doughnut. The beam is caught up by the vortex 
electric field and begins to travel in a circular orbit with a constantly 
growing velocity. During the growth of the magnetic field (about 
10-* s), the electrons are able to complete up to a million revolutions 
and acquire an energy that may reach seyeral hundred MeV. With 
re an energy, the speed of the electrons almost equals the speed of 

ight c. 

For an electron being accelerated to travel in a circular orbit of 
radius rp, a simple relation, which we shall now proceed to derive, 
must be observed between the magnetic induction of the field in the 
orbit and inside it. The vortex electric field is directed along a tan- 
gent to the orbit along which the electron is travelling. Hence, the 
circulation of the vector E along this orbit is 2nr,E. At the same 
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time according to Eq. (9.49), the circulation of the vector E 
is — (d@/dt), where ® is the magnetic flux through the surface en- 
closed by the orbit. The minus sign indicates the direction of E. 
We shall be interested only in the magnitude of the field strength, 
therefore we shall omit the minus sign. Equating the two expres- 
sions for the circulation, we find that 
Let snd 
2nrg dt 
The magnetic field is perpendicular to the plane of the orbit. We 
can therefore assume that ® = nr} (B), where (B) is the average 
value of the magnetic induction over the area of the orbit. Hence, 
i d d 
E= an ge nB) => g P (10.30) 
Let us write the relativistic equation of motion of an electron in 
orbit: 


d my 
T (=z) =E + e [vBorb] (40.31) 


(Bors is the magnetic induction of the field in the orbit). 

The velocity of an electron moving along a circle of radius ro can 
be written in the form v = «rot, where œ is the angular velocity of 
the electron, and t is the unit vector of a tangent to the orbit. The 
vector E can be represented in the form 


E=Er=2 4 (Byt 


[see Eq. (40.30)]. Finally, the product [vB] can be written in the 
form vBn = or,Bn, where n is a unit vector of a normal to the orbit. 
In view of what has been said above, let us write Eq. (10.34) as follows: 


$ er) wae + (B)t+eoreBorma > (10.32) 

The time derivative of the unit vector t ist = on [see Eq. (4.56) 
of Vol. I, p. 35; the angular velocity of rotation of the unit vector T 
coincides with the angular velocity of an electron]. Consequently, 
performing differentiation in the left-hand side of Eq. (10.32), we 
arrive at the equation 

a bate mors gn = 0-4 (BY t+ ewroB n 

ar (Home ) T+ Vicon 2 dt oBorn 
Equating the factors of similar unit vectors in the left-hand and right- 
hand sides of the equation, we get 


d moro ested i 
T (FS = =) = pa) (10.33) 
intimar ey gat. (10.34) 
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It follows from Eq. (40.33) that 
eno: 
Viena z (B) (10.35) 
(@ and (B) at the beginning of a pulse equal zero). 
A comparison of Eqs. (10.34) and (40.35) yields: 


Bon =4 (B) 


Thus, for an electron to travel constantly in a circular orbit, the mag- 
netic induction in the orbit must be half of the average value of the 
magnetic induction inside the orbit. This is achieved by making the 
pole shoes in the form of truncated cones 
(see Fig. 10.15). 

At the end of an acceleration cycle, an 
additional magnetic field is switched on 
that deflects the accelerated electrons from 
their stationary orbit and directs them 
onto a special target inside the doughnut. 
Upon striking the target, the electrons 
emit hard electromagnetic radiation 
(gamma rays, X-rays). 

Fig. 10.16 Betatrons are mainly used in nuclear 

investigations. Small accelerators for an 

energy up to 50 MeV have found use in industry as sources of very 
hard X-rays employed for flaw detection in massive articles. 

Cyclotron. The accelerator bearing this name is based on the period 
of revolution of a charged particle in a homogeneous magnetic field 
being independent of its velocity [see Eq. (40.3)]. This apparatus 
consists of two electrodes in the form of halves of a low round box 
(Fig. 10.16) called dees. The latter are confined in an evacuated hous- 
ing placed between the poles of a large electromagnet. The field pro- 
duced by the magnet is homogeneous and perpendicular to the plane 
of the dees. The dees are supplied with an alternating voltage pro- 
duced by a high-frequency generator. 

Let us introduce a charged particle into the slit between the dees 
at the moment when the voltage reaches its maximum value. The 
particle will be caught up by the electric field and pulled into one of 
the dees. The space inside the dee is equipotential, therefore the par- 
ticle in it will be under the action of only a magnetic field. In this 
case, the particle travels along a circle whose radius is proportional 
to the velocity of the particle [see Eq. (10.2)]. Let us choose the fre- 
quency of the change in the voltage between the dees so that by the 
moment when the particle, after covering half of the circle, approach- 
es the slit between the dees, the potential difference between them 
will change its sign and reach its amplitude value. The particle 
will now be accelerated again and fly into the second dee with an 


Motion of Charged Particles 227 


energy double that with which it travelled in the first dee. Having 
a greater velocity, the particle will travel in the second dee along a 
circle of a greater radius (R is proportional to v), but the time during 
which it covers half the circle remains the same as previously. There- 
fore by the moment when the particle flies into the slit between the 
dees, the voltage between them will again change its sign and take 
on the amplitude value. 

Thus, the particle travels along a curve close to a spiral, and each 
time it passes through the slit between the dees it receives an addi- 
tional portion of energy equal to e'Um (e’ is the charge of the particle, 
and Um is the amplitude of the voltage produced by the generator). 
Having a source of alternating voltage of a comparatively small val- 
ue (Um is about 10° V) at our disposal, we can use a cyclotron to 
accelerate protons up to energies of about 25 MeV. At higher energies, 
the dependence of the mass of the protons on the velocity begins to 
tell—the period of revolution increases [according to Eq. (10.3) it 
is proportional to m], and the synchronism between the motion of 
the particles and the changes in the accelerating field is violated. 

To prevent this violation of synchronism and to obtain particles 
having higher energies, either the frequency of the voltage fed to the 
dees or the magnetic field induction is made to vary. An apparatus in 
which in the course of accelerating each portion of particles the fre- 
quency of the accelerating voltage is diminished as required is called 
a phasotron (or a synchrocyclotron). An accelerator in which the fre- 
quency remains constant, while the magnetic field induction is 
changed so that the ratio m/B remains constant is called a synchrotron 
(equipment of this type is used only to accelerate electrons). 

In the accelerator called a synchrophasotron or a proton synchrotron, 
both the frequency of the accelerating voltage and the magnetic 
field induction are changed. The particles being accelerated travel 
in this machine along a circular path instead of a spiral. An increase 
in the velocity and mass of the particles is attended by a growth in 
the magnetic field induction so that the radius determined by 
Eq. (40.2) remains constant. The period of revolution of the particles 
changes both owing to the growth in their mass and to the growth in 
B. For the accelerating voltage to be synchronous with the motion 
of the particles, the frequency of this voltage is made to change ac- 
cording to the relevant law. A synchrophasotron has no dees, and the 
particles are accelerated on separate sections of the path by the 
electric field produced by the varying frequency voltage generator: 

The most powerful accelerator at present (in 1979)—a proton syn- 
chrotron—was started in 1974 at the Fermi National Accelerator 
Laboratory at Batavia, Illinois, in the USA. It accelerates protons 
up to an energy of 400 GeV (4 x 10% eV). The speed of protons hav- 
ing such an energy differs from that of light in a vacuum by less than 
0.0003% (v = 0.999 997 2c). á 
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CHAPTER 11 THE CLASSICAL THEORY 
OF ELECTRICAL 
CONDUCTANCE 
OF METALS 


11.4. The Nature of Current Carriers 
in Metals 


A number of experiments were run to reveal the nature of the cur- 
rent carriers in metals. Let us first of all note the experiment conduct- 
ed in 1901 by the German physicist Carl Riecke (1845-1915). He 
took three cylinders—two of copper and one of aluminium—with 
thoroughly polished ends. After being weighed, the cylinders were 
put end to end in the sequence copper-aluminium-copper. A current 
was passed in one direction through this composite conductor during 

a year. During this time, a total charge of 


Cs —>v, 3.5 x 10°C passed through the cylinders. 
Weighing showed that the passage of a 
Charen current had no effect on the weight of the 


Pokey ot Se heer Rar Sree cylinders. When the ends that had been 

in contact were studied under a micro- 

7 scope, no penetration of one metal into 

Fig. 11.4 another was detected. The results of the 

experiment indicate that a charge is car- 

ried in metals not by atoms, but by particles encountered in all met- 

als. The electrons discovered by J. J. Thomson in 1897 could be 
such particles. 

To identify the current carriers in metals with electrons, it was 
necessary to determine the sign and numerical value of the specific 
charge of the carriers. Experiments run for this purpose were based 
on the following considerations. If metals contain charged particles 
capable of moving, then upon the deceleration (braking) of a metal 
conductor these particles should continue to move by inertia for a 
certain time, a8 a result of which a current pulse will appear in the 
conductor, and a certain charge will be carried in it. 

Assume that a conductor initially moves with the velocity Vo 
(Fig. 11.1). We shall begin to decelerate it with the acceleration a. 
Continuing to move by inertia, the current carriers will acquire the 
acceleration —a relative to the conductor. The same acceleration can 
be imparted to the carriers in a stationary conductor if an electric 
field of strength E = —ma/e' is set up in it, i.e. the potential 
difference 2 2 

i1- B= f Ea~—{ Baa 
i 


e e 
1 
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is applied to the ends of the conductor (m and e’ are the mass and 
the charge of a current carrier, J is the length of a conductor). In 
this case, the current J = (pı — 9»)/R, where R is the resistance of 
the conductor, will flow through it (I is considered to be positive if 
the current flows in the direction of motion of the conductor). Hence, 
the following charge will pass through each cross section of the con- 
ductor during the time dt: 


i9 _ mal’ 5, _ __ ml 
dq=Idt= oR dt= FRV 


The charge passing during the entire time of deceleration is 


t 0 
a= | an | epee (11.4) 
vo 


(the charge is positive if it is carried in the direction of motion of 
the conductor). 

Thus, by measuring l, vp, and R, and also the charge q flowing 
through the circuit when the conductor is decelerated, we can find 
the specific charge of the carriers. The direction of the current pulse 
will indicate the sign of the carriers. 

The first experiment with conductors moving with acceleration 
was run in 1913 by the Soviet physicists Leonid Mandelshtam (1879- 
1944) and Nikolai Papaleksi (4880-1947). They made a wire coil 
perform rapid torsional oscillations about its axis. A telephone was 
connected to the ends of the coil, and the sound due to the current 
pulses was heard in it. 

A quantitative result was obtained by the American physicists 
R. Tolman and T. Stewart in 1916. A coil of a wire 500 m long was 
made to rotate with a linear velocity of the turns of 300 m/s. The 
coil was then sharply braked, and a ballistic galvanometer was used 
to measure the charge flowing in the circuit during the braking time. 
The value of the specific charge of the carriers calculated by Eq. 
(11.1) was obtained very close to elm for electrons. It was thus proved 
experimentally that electrons are the current carriers in metals. 

A current can be produced in metals by an extremely small poten- 
tial difference. This gives us the grounds to consider that the current 
carriers—electrons—move without virtually any hindrance in a 
metal. The result of Tolman’s and Stewart's experiment lead to the 
same conclusion. 

The existence of free electrons in metals can be explained by the 
fact that when a crystal lattice is formed, the most weakly bound 
(valence) electrons detach themselves from the atoms of the metal. 


They become the “collective” property of the entire piece of metal. 
If one electron becomes detached from every atom, then the concen- 
ber n in a unit volume) 


tration of the free electrons (i.e. their num 
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will equal the number of atoms in a unit volume. The latter number 
is (6/M) N a, where ô is the density of the metal, M is the mass of 
a mole, Wå is Avogadro’s constant. The values of 6/M for metals 
range from 2 x 10‘ mol/m® (for potassium) to 2 x 105 mol/m® (for 
beryllium). Hence, we get values of the following order for the con- 
centration of the free electrons (or conduction electrons, as they are 
also called): 

n = 1028-102 m73 (1022-1023 cm-3) (11.2) 


11.2. The Elementary Classical Theory 
of Metals 


Proceeding from the notions of free electrons, the German physi- 
cist Paul Drude (1863-1906) created the classical theory of metals that 
was later improved by H. Lorentz. Drude assumed that the conduc- 
tion electrons in a metal behave like the molecules of an ideal gas. 
In the intervals between collisions, they move absolutely freely, 
covering on an average a certain path l, True, unlike the molecules 
of a gas whose free path is determined by collisions of the molecules 
with one another, the electrons collide chiefly not with one another, 
but with the ions forming the crystal lattice of the metal. These col- 
lisions result in the establishment of thermal equilibrium between 
the electron gas and the crystal lattice. 

Assuming that the results of the kinetic theory of gases may be 
extended to an electron gas, we can use the following formula to as- 
sess the average velocity of thermal motion of the electrons: 


BRT 
w= 2 (11.3) 
[see Eq. (11.65) of Vol. I, p. 320). Calculations by this equation for 
room temperature (about 300 K) give the following result: 
8 x 1.38 x 10-83 x 300 
O=V -zaxi ~% 10 m/s 
When a field is switched on, the ordered motion of the electrons 
with a certain average velocity (u) is superposed onto the chaotic 
thermal motion occurring with the velocity (v). It is simple to assess 
the value of (u) by the equation 
j = ne(u) (14.4) 
[see Eq. (5.23)]. The maximum current density for copper wires al- 
lowed by the relevant specifications is about 107 A/m (40 A/mm’). 
Taking the value of 107° m=? for n, we get 


Ree 107 -3 
=r ® Texter © 10° m/s 
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Thus, even at very high current densities, the average velocity of 
ordered motion of the charges (uv) is about 1/108 of the average veloc- 
ity of thermal motion (v). Therefore in calculations, the magnitude 
of the resultant velocity | v + u | may be replaced with that of the 
velocity of thermal motion | v |. 

Let us find the change in the mean value of the kinetic energy of 
the electrons produced by a field. The mean square of the resultant 
velocity is 

(v + u)?) = (v+ 2vu +u?) = (v?)+2(vu)-+(u*) (14.5) 


The two events consisting in that the velocity of thermal motion of 
the electrons will take on the value v, while the velocity of ordered 
motion—the value u, are statistically independent. Therefore, ac- 
cording to the theorem on the multiplication of probabilities [see 
Eq. (44.4) of Vol. I, p. 296], we have (vu) = (v) (u). But (v) 
equals zero, so that the second addend in Eq. (11.5) vanishes, and 
it acquires the form 


(v+u)? = (v3) + (u?) 


Hence, it follows that the ordered motion increases the kinetic energy 
of the electrons on an average by 
2 
(Ae = eL (41.6) 
Ohm’s Law. Drude considered that when an electron collides with 
an ion of the crystal lattice, thè additional energy (11.6) acquired 
by the electron is transmitted to the ion and, consequently, the ve- 
locity w as a resultʻof the collision vanishes. Let us assume that the 
field accelerating the electrons is homogeneous. Hence, under the 
action of the field, the electron receives a constant acceleration equal 
to eE/m, and toward the end of its path the velocity of ordered mo- 
tion will reach, on an average, the value 


Umax = Er (14.7) 


where + is the average time elapsing between two consecutive col- 
lisions of the electron with ions of the lattice. 

Drude did not take into consideration the distribution of the elec- 
trons by velocities and ascribed the same value of the velocity v 
to all the electrons. In this approximation 

rath 
v 
(we remind our reader that | v + u | virtually equals | v |). Using 
this value of t in Eq. (11.7), we get 


eEl 
=L (14.8) 
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The velocity u changes linearly during the time it takes to cover 
the path J. Therefore, its average value over the path equals half the 
maximum value: 


4 eEl 
(u) = > “maa= pEr 


Introducing this equation into Eq. (11.4), we get 


The current density is found to be proportional to the field strength. 
We have thus arrived at Ohm’s law. According to Eq. (5.22), the 
constant of proportionality between j and E is the conductivity 


ne?l 
o= Ono ( 11.9) 
If the electrons did not collide with the ions of the lattice, their free 
path and, consequently, the conductivity of the metal would be 
infinitely great. Thus, according to the classical notions, the elec- 
trical resistance of metals is due to the collisions of their free elec- 
trons with the ions at the crystal lattice points of the metal. 
The Joule-Lenz Law. By the end of its free path, an electron 
acquires additional kinetic energy whose average value is 


mu’ 2 
(Ae) = = SP pe (44.10) 
[see Eqs. (14.6) and (41.8)]. Upon colliding with an ion, the electron, 
according to the assumption, completely transfers the additional 
energy it has acquired to the crystal lattice. The energy given up to 
the lattice goes to increase the internal energy of the metal, which 
manifests itself in its becoming heated. 

Every electron experiences on an average 1/t = v/l collisions a 
second, communicating each time the energy expressed by Eq. (11.10) 
to the lattice. Hence, the following amount of heat should be liberat- 
ed in unit volume per unit time: 

2i 
Qu=n + (hey) = 
(n is the number of conduction electrons per unit volume). 

The quantity Q, is the unit thermal power of a current (see Sec. 5.8). 
The factor of Æ? coincides with the value given by Eq. (11.9) for 0. 
Passing over in the expression cE? from ø and Æ to p and j, we arrive 
at the formula Q, = pj? expressing the Joule-Lenz law [see Eq. (5.39). 

The Wiedemann-Franz Law. It is known from experiments that 
in addition to their high electrical conductivity, metals are distin- 
guished by a high thermal conductivity. The German physicists 
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G. Wiedemann and R. Franz discovered an empirical law according to 
which the ratio of the thermal conductivity x to the electrical conduc- 
tivity ø is about thesame for all metals and changes in proportion 
to the absolute temperature. For example, for aluminium at 
room temperature, this ratio is 5.8 x 10, for copper it is 6.4 x 
x 107, and for lead it is 7.0 x 10 J-Q/(s-K). 

Non-metallic crystals are also capable of conducting heat. The 
thermal conductivity of metals, however, considerably exceeds that 
of dielectrics. It thus follows that the free electrons instead of the 
crystal lattice are responsible for the transfer of heat in metals, Con- 
sidering these electrons as a monatomic gas, we can adopt an expres- 
sion from the kinetic theory of gases for the thermal conductivity: 


x= $ nmvley (11.11) 
[see Eq. (16.26) of Vol. I, p. 418; the density p has been replaced with 
the product nm, and (v) with vl. The specific heat capacity of a mon- 


atomic gas is cy = + (R/M) = > (k/m). Using this value in Eq. 
(14.41), we obtain 
x=4 nkl 


Dividing x by Eq. (14.9) for o and then substituting $r for 


L mt; we arrive at the expression 


2 
kmv? k \2 
4a MP ($r (41.42) 


that expresses the Wiedemann-Franz law. 
Introduction of the numerical values of k and e into Eq. (11.12) 


yields 
+£2.23 x AO: p 


When 7 = 300 K, we get the value 6.7 x 10 J-Q/(s-K) for x/o, 
which agrees quite well with experimental data (see the values of 
x/o given above for aluminium, copper, and lead). It was later estab- 
lished, however, that such a good coincidence is accidental, because 
when H. Lorentz performed the calculations more accurately, taking 
into account the distribution of the electrons by velocities, the value 
of 2 (kle)? T was obtained for the ratio x/o, and it does not agree so 
well with the data of experiments. 

Thus, the classical theory was able to explain Ohm’s and the Joule- 
Lenz laws, and also gave a qualitative explanation of the Wiede- 
mann-Franz law. At the same time, this theory encountered quite 
appreciable difficulties. They include two basic ones. It can be seen 
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from Eq. (14.9) that the resistance of metals (i.e. the quantity that 
is the reciprocal of o) must increase as the square root of 7. Indeed, 
we have no grounds to assume that the quantities n and 1 depend on 
the temperature. The velocity of thermal motion, on the other hand, 
is proportional to the square root of T. This theoretical conclusion 
contradicts experimental data according to which the electrical re- 
sistance of metals grows in proportion to the first power of T, i.e. 
1 


more rapidly than T” [see expression (5.24)). 

The second difficulty of the classical theory is that an electron gas 
must have a molar heat capacity equal to + R. Adding this quantity 
to the heat capacity of the lattice, which is 3R [see Eq. (13.4) of 
Vol. I, p. 375], we get the value of +R for the molar heat capacity 


of a metal. Thus, in accordance with the classical electron theory, 
the molar heat capacity of metals ought to be 1.5 times higher than 
that of dielectrics. Actually, however, the heat capacity of metals 
does not differ appreciably from that of non-metallic crystals. Only 
the quantum theory of metals was able to explain this discrepancy, 


11.3. The Hall Effect 


If a metal plate through which a steady electric current is flowing 
is placed in a magnetic field perpendicular to it, then a potential 
difference of Ux = g, — g, (Fig. 11.2) is set up between the plate 


Fig. 14.2 Fig. 11.3 


faces parallel to the directions of the current and field. This phenom- 

enon was discovered by the American physicist E. Hall in 1879 and 

is called the Hall effect or the galvanomagnetic effect. 3 
The Hall potential difference is determined by the expression 


Uy = RpbjB (11.18) 
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Here b = width of the plate 
j = current density 
B = magnetic induction of the field 
Ry = constant of proportionality known as the Hall coefficient. 
The Hall effect is easily explained by the electron theory. In the 
absence of a magnetic field, the current in the plate is due to the elec- 
tric field E, (Fig. 11.3). The equipotential surfaces of this field form 
a system of planes perpendicular to the vector E,. Two of them are 
shown in the figure by solid straight lines. The potential at all the 
points of each surface and, consequently, at points 7 and 2 too is the 
same. The current carriers—electrons—have a negative charge, there- 
fore the velocity of their ordered motion u is directed oppositely 
to the current density vector j. 
When the magnetic field is switched on, each carrier experiences 
the magnetic force F directed along side b of the plate and having 


a magnitude of 
F = euB (44,14) 


As a result, the electrons acquire a velocity component directed to- 
ward the upper (in the figure) face of the plate. A surplus of negative 
charges is formed at this face and, accordingly, a surplus of positive 
charges at the lower face. Consequently, an additional transverse 
electric field Ey is produced. When the strength of this field reaches 
a value such that its action on the charges balances the force given 
by Eq. (11.14), a stationary distribution of the charges in a transverse 
direction will set in. The corresponding value of Ep is determined 
by the condition eZ; = euB. Hence, 


Ea = uB 


The field Eş adds to the field E, to form the resultant field E. 
The equipotential surfaces are perpendicular to the field strength 
vector. Consequently, they will turn and occupy the position shown 
by the dash line in Fig. 11.3. Points Z and 2 which were formerly on 
the same equipotential surface now have different potentials. To 
find the voltage appearing between these points, the distance b be- 
tween them must be multiplied by the strength Æ p: 


Ug = bEy = buB 
Let us express u through j, n, and e in accordance with the equation 


j = neu. The result is 
Un=— iB (41.15) 


Equations (11.15) and (11.13) coincide if we assume that 
4 
Ry=— (11.16) 
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Inspection of Eq. (11.16) shows that by measuring the Hall coeffi- 
cient, we can find the concentration of the current carriers in a given 
metal (i.e. the number of carriers per unit volume). 

An important characteristic of a substance is the mobility of the 
current carriers in it. By the mobility of the current carriers is meant 


Fig. 11.4 


the average velocity acquired by the carriers at unit electric field 
strength. If the carriers acquire the velocity u in a field of strength 
E, then their mobility up is 

Up = + (14.17) 


The mobility can be related to the conductivity o and to the carrier 
concentration n. For this purpose, let us divide the equation j = 
= neu by the field strength Æ. Taking into account that j/E = 0 


and u/E = uo, we get 
o = neuy (11.18) 


Having measured the Hall coefficient Ry and the conductivity 
o, we can use Eqs. (11.16) and (11.18) to find the concentration and 
mobility of the current carriers in the relevant specimen. 

The Hall effect is observed not only in metals, but also in semicon- 
ductors. The sign of the effect can be used to see whether a semiconduc- 
tor belongs to the n- or p-type*. Figure 11.4 compares the Hall 
effect for specimens with positive and negative carriers. The direction 
of the magnetic force is reversed both when the direction of motion 
of the charge changes and when its sign is reversed. Hence, when the 
current and field have the same direction, the magnetic force exerted 
on positive and negative carriers has the same direction. Therefore, 
with positive carriers, the potential of the upper (in the figure) face 
is higher than that of the lower one, and with negative carriers the 
potential is lower. We can thus establish the sign of the current 
carriers after determining that of the Hall potential difference. 

It is of interest to note that in some metals the sign of Uy Col 
responds to positive current carriers. This anomaly is explained by 
the quantum theory. 

* In n-type semiconductors, the current carriers are negative, and in P- 
type ones they are positive (see Vol. III). 


CHAPTER 12 ELECTRIC CURRENT 
IN GASES 


12.4. Semi-Self-Sustained 
and Self-Sustained Conduction 


The passage of an electric current through gases is called a gas 
discharge. Gases in their normal state are insulators, and current 
carriers are absent in them. Only when special conditions are created 
in gases can current carriers appear in them (ions, electrons). and an 
electric discharge be produced. 

Current carriers may appear in gases as a result of external action 
not associated with the presence of an electric field. In this case, the 
gas is said to have semi-self-sustained conduction. Semi-self-sustained 
discharge may be due to heating of a gas (thermal ionization), the 
action of ultraviolet rays or X-rays, and also to the action of radiation 
of radioactive substances. 

If the current carriers appear as a result of processes due to an 
electric field being produced in a gas, the conduction is called self- 
sustained. 

The nature of a gas discharge depends on many factors: on the 
chemical nature of the gas and electrodes, on the temperature and 
pressure of the gas, on the shape, dimensions, and mutual arrange- 
ment of the electrodes, on the voltage applied to them, on the den- 
sity and power of the current, etc. This is why a gas discharge may 
have very diverse forms. Some kinds of discharge are attended by a 
glow and sound effects—hissing, rustling, or crackling. 


12.2. Semi-Self-Sustained Gas Discharge 


Assume that a gas between electrodes (Fig. 12.1) continuously 
experiences a constant in intensity action of an ionizing agent (for 
example, X-rays). The action of the ionizer results in one or more 
electrons being detached from some of the gas molecules. The latter 
thus become positively charged ions. At not very low pressures, the 
detached electrons are usually captured by neutral molecules, which 
thus become negatively charged ions. Let An, stand for the number of 
pairs of ions appearing under the action of the ionizer in unit volume 
per second. 

The process of ionization in a gas is attended by recombination 
of the ions, i.e. neutralization of unlike ions when they meet or the 
formation of a neutral molecule by a positive ion and an electron. 
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The probability of two ions of opposite signs meeting each other is 
proportional to the number of both positive and negative ions. Hence, 
the number of pairs of ions An, recombining in unit volume per 

second is proportional to the square of the number 


of pairs of ions n per unit volume: 
An, = rn? (12.4) 
o- (r is a constant of proportionality). 
+ In a state of equilibrium, thè number of appear- 


ing ions equals the number of recombining ones, 
hence, 


An = rn? (12.2) 


We thus get the following expression for the equi- 
librium concentration of ions (the number of pairs 
of ions in unit volume): 


Fig. 12.4 n=V a (12.3) 


Several pairs of ions appear a second in 1 cm? of atmospheric air 
under the action of cosmic radiation and traces of radioactive sub- 
stances in the Earth’s crust. The constant r for air is 14.6 x 10 cm?/s. 
Introduction of these values into Eq. (12.3) gives a value of about 
10° cm~* for the equilibrium concentration of ions in the air. This 
concentration is not adequate for the conduction to be noticeable. 
Pure dry air is a very good insulator. 

If we feed a voltage to electrodes, the ions will decrease in number 
not only because of recombination, but also because of the ions being 
drawn off by the field to the electrodes, Assume that An, pairs of 
ions are drawn off from unit volume every second. If the charge of 
each ion is e’, then the neutralization of one pair of ions on the elec- 
trodes is attended by the transfer of the charge e’ along the circuit. 
Every second, An;S/ pairs of ions reach the electrodes (here 5S is 
the area of the electrodes, / is the distance between them; the pro- 
duct Sl equals the volume of the space between the electrodes). Con- 
sequently, the current in the circuit is 


I=e' An;S1 
whence 
I 4 
An;= eis. or Ey ) 


where j is the current density. 1 1 
When a current is present, the condition of equilibrium is as fol- 
lows: 


An; = Anm + Am 
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Substituting for An, and An, their values from Eqs. (42.1) and (12.4), 
we arrive at the equation 


An, =rn2+ (12.5) 
The current density is determined by the expression 
j=e'n(uj+u;)E (12.6) 


where uj and up are the mobilities of the positive and negative ions, 
respectively [see Eg. (41.17)]. 

Let us consider two extreme cases—weak and strong fields. 

With weak fields, the current density will be very small, and the 
addend j/e’l in Eq. (12.5) may be disregarded in comparison with 
rn? (this signifies that the ions leave the space between the electrodes 
mainly as a result of recombination). Equation (12.5) thus trans- 
forms into Eq. (12.2), and we get Eq. (12.3) for the equilibrium con- 
centration of the ions. Using this value of n in Eq. (12.6), we get 


ja Y Eitu) E (12.7) 


The multiplier of Æ in Eq. (12.7) does not depend on the field strength. 
Hence, with weak fields, a semi-self-sustained gas discharge obeys 
Ohm's law. 

The mobility of ions in gases has a value of the order of 
10-* (m-s-1)/(V-m~) [or 1 (cm-s~*)/(V-em-1)]. Hence, at the equi- 
librium concentration n = 10° cm = 10° m, and the field 
strength Æ = 1 V/m, the current density will be 


j= 1.6 x 107! x 10° (40-*+- 40-4) x 1 ~ 10-1 A/m?= 1078 A/cm? 


[see Eq. (42.6); the ions are assumed to be singly charged]. 

With strong fields, we may disregard the addend rn? in Eq. (12.5) 
in comparison with j/e’l. This signifies that virtually all the appear- 
ing ions will reach the electrodes without having time to recombine. 
In these conditions, Eq. (12.5) becomes 


my 
whence 
j=e Anl (12.8) 


This current density is produced by all the ions originated by the 
ionizer in a column of the gas with unit cross-sectional area between 
the electrodes. Consequently, this current density is the greatest at 
the given intensity of the ionizer and the given distance 1 between 
the electrodes. It is called the saturation current density jsat- 

Let us calculate jsat for the following conditions: An, = 10cm = 
= 10" m-* (this is approximately the rate of ion formation in the 
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atmospheric air in ordinary conditions), 1 = 0.4 m. The introduction 
of these data into Eq. (42.8) yields 


Feat = 1.6 x 107! x 107 x 10-1 ~ 10-13 A/m? = 10-17 A/cm? 


These calculations show that the conduction of air in ordinary con- 
ditions is negligibly small. 

At intermediate values of Æ, there is a smooth transition from a 
linear dependence of j on Æ to saturation; when the latter is reached, 
j stops depending on Æ (see the solid curve in Fig. 12.2). The region 
of saturation is followed by a region of a sharp growth in the current 
(see the portion of the curve depicted by 
the dash line). The explanation of this 
growth is that beginning from a certain 
value of E, the electrons* given birth to 
by the external ionizer manage to acquire 
a considerable energy while on their free 
path. This energy is sufficient to ionize 
the molecules they collide with. The free 
electrons produced in this ionization, after 
gaining speed, cause ionization in their 

Fig. 12.2 turn. Thus, an ayalanche-like reproduc- 
tion of the primary ions produced by the 
external ionizer occurs, and the discharge 

current is amplified. The process does not lose its nature of a semi- 
self-sustained discharge, however, because after the action of the 
external ionizer stops, the discharge continues only until all the elec- 
trons (primary and secondary) reach the anode (the rear boundary 
of the space containing ionizing particles—electrons—moves to- 
ward the anode). Fora discharge to become self-sustained, two meet- 
ing avalanches of ions are needed. This is Possible only if ionization 
by a collision is capable of giving birth to carriers of both signs. 

It is very important that the semi-self-sustained discharge cur- 
rents amplified as a result of reproduction of the carriers are propor- 
tional to the number of primary ions produced by the external ioniz- 
er. This property of a discharge is used in proportional counters (see 
the following section). 


12.3. Ionization Chambers and Counters 


Ionization chambers and counters are employed for detecting and 
counting elementary particles, and also for measuring the intensity 
of X-rays and gamma rays. The functioning of these instruments i8 
based on the use of a semi-self-sustained gas discharge. 


* Owing to the greater length of their free path, electrons acquire the ability 
to produce ionization by a collision earlier than gas ions do. 
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The schematic diagram of an ionization chamber and a counter 
is the same (Fig. 12.3). They differ only in their operating conditions 
and structural features, A counter (Fig. 12.3b) consists of a cylindri- 
cal body along whose axis a thin wire (anode) fastened on insulators 
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Fig. 12.3 


is stretched: The body of the counter is the cathode. A window of 
mica or aluminium foil is made in the end of the counter to admit the 
ionizing particles. Some particles, and also X-rays and gamma rays 
penetrate into a counter or an ionization chamber directly through 


Fig. 12.4 


their walls. An ionization chamber (Fig. 12.3a) can have electrodes 
of various shapes. In particular, they may be the same as ina coun- 
ter, have the shape of. plane parallel plates, etc. 

Assume that a high-speed charged particle producing No pairs 
of primary ions (electrons and positive ions) flies into the space be- 
tween the electrodes. The ions produced are carried along by the field 
toward the electrodes, and as a result a certain charge g, which we 
shall call a current pulse, passes through resistor R. Figure 12.4 
shows how the current pulse g depends on the voltage U between the 
electrodes for two different amounts of primary ions Ny differing by 
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three times (Vo, = 39). Six regions can be earmarked on the graph, 
Regions J and IJ were considered in the preceding section. In parti- 
cular, region JJ is the region of the saturation current—all the ions 
produced by an ionizing particle reach the electrodes without having 
time to recombine. It is quite natural that the current pulse does not 
depend on the voltage in these conditions, 

Beginning from the value U,, the field strength becomes sufficient 
for the electrons to be able to ionize the molecules by a collision. 


Therefore, the number of electrons and positive ions grows like an ; 


avalanche. As a result, AN, ions reach each of the electrodes. The 


quantity A is called the gas amplification factor. In region JIT, this — 
factor does not depend on the number of primary ions (but does de- 


pend on the voltage). Therefore, if we keep the voltage constant, the 


j 


current pulse will be proportional to the number of primary ions. q 
Region JIT is called the proportional region, and the voltage Up — ` 


the threshold of the proportional region. The gas amplification factor 
changes in this region from 4 at its beginning to 103-104 at its end 
(the scale along the g-axis has not been observed in Fig. 12.4; only 
the ratio of 1 : 3 between the ordinates in regions [7 and JJI has been 
observed). 

In region JV, called the region of partial proportionality, the gas 
amplification factor A depends to a greater and greater extent on 
No. In this connection, the difference between the current pulses 
produced by different numbers of primary ions becomes smoothed 
out more and more. 

At voltages corresponding to region V (it is known as the Geiger 
region, and the voltage U, as the threshold of this region), the process 
acquires the nature of a self-sustained discharge. The primary ions 
only produce an impetus for its appearance. The current pulse in 
this region is absolutely independent of the number of primary ions, 

In region VZ, the voltage is so high that a discharge, after once 
being set up, does not stop. It is therefore called the region of con- 
tinuous discharge. 

Ionization Chambers. An ionization chamber is an instrument op- 
erating without gas amplification, i.e. at voltages corresponding to 
region JI. There are two kinds of ionization chambers. Chambers of 
one kind are used for registering the pulses initiated by individual 
particles (pulse chambers). A particle flying into the chamber pro- 
duces a certain number of ions in jt, and as a result the current J 
begins to flow through resistor R. The result is that the potential of 
point Z (see Fig. 12.32) rises and becomes equal to IJR (the initial 
potential of this point was the same as that of earthed point 2). 
This potential is fed to an amplifier, and after being amplified op- 
erates a counting device, After all the charges that have reached the 
inner electrode pass through resistor R, the current stops and the 
potential of point 7 again becomes equal to zero. The nature of op- 


Electric Current in Gases 243 


eration of the chamber depends on the duration of the current pulse 
set up by one ionizing particle. 

To determine what the duration of a pulse depends on, let us con- 
sider a circuit consisting of capacitor C and resistor R (Fig. 12.5). 
If we impart the opposite charges +9, and —q to the capacitor 
plates, a current will flow through resistor R, and the charges 
on the plates will diminish. The instantaneous value of the voltage 
applied across the resistor is U = q/C. Hence, 
we get the following expression for the current: Hi 


U 
I=" (12.9) 4g 


Let us substitute —dq/dt for the current, where 

—dq is the decrement of the charge on the nv 
plates during the time dt. As a result, we get 

the differential equation 


gy es or Re AN Fig. 12.5 
= or rime Ret 


According to Eq. (42.9), dq/q = dJ/I. We can therefore write 
at 1 dt 


TORO 
Integration of this equation yields 
4 
InJ= sR tla To 


(In J, is the integration constant). Finally, raising the expression 
obtained to a power, we arrive at the equation 


1=hexp(— ze) (12,40) 
It is easy to see that I, is the initial value of the current, 
It follows from Eq. (42.10) that during the time 
t= RC (12.11) 


the current diminishes to 4/e of its original value. Accordingly, the 
quantity + is called the time constant of a circuit. The greater this 
quantity, the slower is the rate of diminishing of the current in a 


circuit, 


16* 
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designers to use the highest possible resistance of R. At the same 
time, for the chamber to be able to register separately the current 
pulses set up by particles rapidly following one another, the time con- 
stant must not be great. Therefore, designers have to make a compro- 
mise when choosing the resistance of A for pulse chambers. It is 
usually taken of the order of 10° ohms. Hence, at C ~ 10-4 F, the 
time constant is 107° s. 

Another kind of ionization chamber is the so-called integrating 
chamber. The resistance of R in them is of the order of 1015 ohms, 
At C ~ 10" F, the time constant is 10¢ s. In this case, the current 
pulses produced by separate ionizing particles merge and a steady 
current flows through the resistor. Its magnitude characterizes the 
total charge of the ions produced in the chamber in unit time. Thus, 
the ionization chambers of these two kinds differ only in the value 
of the time constant RC. 

Proportional Counters. The pulses set up by separate particles can 
be amplified quite considerably (up to 103-10¢ times) if the voltage 
between the electrodes is in region ZIZ (see Fig. 12.4). An instrument 
operating in such conditions is called a proportional counter. The 
anode of the counter is made in the form of a wire of several hund- 
redths of a millimetre in diameter. The field strength near the wire 
is especially high. With a sufficiently great voltage between the elec- 
trodes, the electrons produced near the wire acquire an energy under 
the action of the field that is adequate for producing ionization of the 
molecules by a collision. The result is reproduction of the ions. The 
dimensions of the space in which reproduction occurs increase with 
the voltage. The gas amplification factor grows accordingly. 

The number of primary ions depends on the nature and energy of 
the particles producing the pulse. Therefore, the magnitude of the 
pulses at the output of a proportional counter makes it possible to 
distinguish various particles, and also to sort particles of the same 
nature by their energies. 

Geiger-Miiller Counters. A still greater amplification of the pulse 
(up to 108) can be attained by making a counter function in the Geiger 
region (region V in Fig. 12.4). A counter operating in these conditions 
is called a Geiger-Miiller counter (or more briefly a Geiger counter). 
A discharge in the Geiger region, being “Jaunched” by an ionizing 
particle, subsequently transforms into a self-sustained one. Hence, 
the magnitude of the pulse does not depend on the initial ionization. 
To obtain separate pulses from individual particles, the discharg® 
produced must be rapidly interrupted (quenched). This is achieved 
either with the aid of an external resistance R (in non-self-quenching 
counters), or at the expense of processes appearing in the counter 
itself. In the latter case, the counter is called self-quenching. 

The quenching of a discharge with the aid of an external resistance 
is due to the fact that when a discharge current flows in the resistance, 
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a great voltage drop is set up in it. Consequently, only part of the 
applied voltage falls to the lot of the interelectrode space, and it is 
insufficient for maintaining the discharge. 

Stopping of a discharge in self-quenching counters is due to the 
following reasons. Electrons have a mobility that is about 1000 times 
greater than the mobility of positive ions. Therefore, during the time 
it takes the electrons to reach the wire, the positive ions do not vir- 
tually move from their places. These ions produce a positive space 
charge that weakens the field near the wire, and the discharge stops. 
Quenching of the discharge in this case is prevented by additional 
processes which we shall not consider. To suppress them, an admix- 
ture of a polyatomic organic gas (for example, alcohol vapour) is 
added to the gas filling the counter (usually argon). Such a counter 
separates pulses from particles following one another with an inter- 
val of the order of 10~* s. 


12.4. Processes Leading to the Appearance 
of Current Carriers 
in a Self-Sustained Discharge 


Before commencing to describe the various kinds of self-sustained 
gas discharge, we shall consider the basic processes leading to the 
production of current carriers (electrons and ions) in such discharges. 

Collisions of Electrons with Molecules. The collisions of electrons 
(and also ions) with molecules can have an elastic or inelastic nature. 
The energy of a molecule (like that of an atom) is quantized. This 
signifies that it can have only discrete (i.e. separated by finite inter- 
vals) values called energy levels. The state with the smallest energy 
is called the ground one. To transfer a molecule from its ground state 
to various excited ones, definite values of the energy Wi, Wa, etc. 
are needed. A molecule can be ionized by imparting to it a suffi- 
ciently great energy W,. 

Upon transition to an excited state, a molecule usually stays in 
it only ~ 10-8 s, after which it passes back to its ground state, 
emitting its surplus energy in the form of a quantum of light—a 
photon. Molecules can spend a considerably greater time (about 
10-3 s) in certain excited states called metastable. 

The laws of energy and momentum conservation must be obeyed 
when particles collide. Therefore, definite limitations are imposed on 
the transfer of energy in a collision—not all the energy which a col- 
liding particle has can be transferred to another particle. 

If in a collision, an energy sufficient for exciting a molecule cannot 
be imparted to it, the total kinetic energy of the particles remains 
unchanged, and the collision will be elastic. Let us find the energy 
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imparted to the particle that is struck in an elastic collision. Assume 
that a particle of mass m, having the velocity vo collides with a 
stationary (vs = 0) particle of mass ms. The following conditions 
must be observed in a central collision: 
mw __mwẸ 1 Mw 
BNET J 
MVig = MV, + MV 


where v, and v, are the velocities of the particles after the collision. 
The velocity of the second particle from these equations will be 


a: 2m, 
= Fm i 
(see Sec. 3.44 of Vol. I, p. 104 et seq.). 
The energy transmitted to the second particle in an elastic colli- 
sion is determined by the expression 


— MV} me} 4mm 
Ree STs TREAT 
If m, < mg, this equation is simplified as follows: 
4m. 4 
AWe = “he Te = Wot (12.12) 


where Wy, is the initial energy of the incident particle. t 
It can be seen from Eq. (12.12) that a light particle (electron) in 
an elastic collision with a heavy particle (molecule) gives up. to it 


With a sufficiently high energy of the incident particle (electron 
or ion), a molecule may be excited or ionized. In this case, the total 
kinetic energy of the particles is not conserved—part of the energy 
goes for excitation or ionization, i.e. for increasing the internal ener- 
gy of the colliding particles or for splitting one of the particles into 
two fragments, 

Collisions attended by the excitation of particles are called in- 
elastic collisions of the first kind. A molecule in an excited state upon 
colliding with another particle (electron, ion, or neutral molecule) 
can pass over to the ground state without emitting its surplus energy, 
but transferring it to this particle. As a result, the total kinetic ener- 
gy of the particles after the collision will be greater than before it. 
Such collisions are known as inelastic collisions of the second kind. 
Molecules pass over from a metastable state to the ground one as a 
result of collisions of the second kind. 
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In an inelastic collision of the first kind, the equations of energy 
and momentum conservation have the form 


mete =m + jac Be AW nt (12.43) 


MyVig = MV, + MV 


where AW in; is the increment of the internal energy of a molecule 
corresponding to its transition to an excited state. Deleting v, from 
these equations, we get 
AW ine = mg qha— EM ah (12.14) 
At a given velocity of the striking particle (v;o), the increment of 
the internal energy AWn¢ depends on the velocity v, with which the 
molecule travels after the collision. Let us find the greatest possible 
value of AW mt. To do this, we shall differentiate function (42.14) 
with respect. to v, and equate the derivative to zero: 


d (AW; 2 
Eat) me = Mavi — mt Ta mpy, =0 


Hence, vg = mv,o/(Mm, + m). Substitution of this value for v, in 
Eq. (12.44) yields 


AW nt, max = ea mh (42,45) 


If the incident particle is considerably:lighter than the struck one 
(Mmi < mg), the factor m,/ (m, + mą) in Eq, (12.15) is close to unity. 
Thus, when a light particle (electron) strikes a heavy one (molecule), 
almost all the energy of the incident particle can be used to excite or 
ionize the molecule*. 

Even if the energy of the incident particle (electron) is sufficiently 
great, however, a collision does not necessarily result in the excita- 
tion or ionization of a molecule. These processes have definite proba- 
bilities depending on the energy (and, therefore, on the velocity) 
of the electron. Figure 12.6 shows the approximate path followed by 
these probabilities. The higher the velocity of the electron, the smaller 
is the duration of its interaction with the molecule near which it 
flies. Hence, both probabilities rapidly reach a maximum, and then 
diminish with an increase in the energy of the electron. Inspection 
of the figure shows that an electron having, for example, the energy 
W’ will cause ionization of a molecule with greater probability than 
its excitation. 


* When ionization occurs, Eqs. (12.43) become more complicated because 
there will be three particles instead of two after a collision. The conclusion on 
the possibility of spending almost all of the electron’s energy for ionization is 
correct, however, 
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Photoionization. Electromagnetic radiation consists of elementary 
particles called photons. The energy of a photon is fw, where h is 
Planck's constant divided by 2x [see Eq. (7.43)], and o is the cyclic 
frequency of the radiation. A photon can be absorbed by a molecule, 
and its energy goes to excite or ionize the molecule. In this case, the 
ionization of the molecule is called photoionization. Ultraviolet 
radiation is capable of producing direct photoionization. The energy 
of a photon of visible light is insufficient to detach an electron from 
a molecule. Hence, visible radiation is not capable of producing 
direct photoionization. It may be the 
cause, however, of so-called stepped 
photoionization. This process is car- 
ried out in two steps. In the first one, 
a photon transfers the molecule to 
an excited state. In the second step, 
the excited molecule is ionized as a 
result of its colliding with another 
molecule. 

Short-wave radiation may appear 

Energy of electron in a gas discharge that is capable of 

producing direct photoionization. 

Fig. 12.6 A sufficiently fast electron may not 

only ionize a molecule when it col- 

lides with it, but also transfer the ion formed into an excited state. 

The transition of an ion to the ground state is attended by the emis- 

sion of radiation, having a higher frequency than that of a neutral 

molecule. The energy of a photon of such radiation is sufficient for 
direct photoionization. 

Emission of Electrons by the Surface of Electrodes. Electrons may 
be supplied to a gas-discharge space as a result of their emission by 
the surface of the electrodes. Such kinds of emission as thermionic 
(thermoelectron), secondary electron, and autoelectronic emission 
play the main part in some kinds of discharge. 

Thermionic emission is the name given to the emission of electrons 
by heated solid or liquid bodies. Owing to the free electrons in a 
metal having a variety of velocities in accordance with a distribution 
law, there is always a certain number of them whose energy is suffi- 
cient for them to overcome the potential barrier and leave the metal. 
The number of such electrons at room temperature is negligibly small. 
With elevation of the temperature, however, the number of electrons 
capable of leaving the metal grows very rapidly and becomes quite 
noticeable at a temperature of the order of 1000 K. 

By secondary electron emission is meant the emission of electrons 
by the surface of a solid or a liquid body when it is bombarded wi 
electrons or ions. The ratio of the number of emitted (secondary) 
electrons to the number of particles producing the emission is called 


Excitation Tonization 


Probability of process 
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the secondary electron emission coefficient. When electrons are used 
to bombard the surface of a metal, the values of this coefficient vary 
from 0.5 (for beryllium) to 1.8 (for platinum). 

Autoelectronie (or cold) emission is the emission of electrons by the 
surface of a metal occurring when an electric field of a very high 
strength (~ 10° V/m) is set up near the surface. This phenomenon is 
also sometimes called field-induced electron emission. 


12.5. Gas-Discharge Plasma 


Some kinds of self-sustained discharge are characterized by a very 
high degree of ionization. A highly ionized gas, provided that the 
total charge of the electrons and ions in each elementary volume 
equals (or almost equals) zero, is called a plasma. A plasma is a spe- 
cial state of a substance. The matter in the interior of the Sun and 
other stars having a temperature of scores of millions of kelvins is 
in this staté. A plasma produced owing to the high temperature of 
a substance is called high-temperature (or isothermal). A gas-discharge 
plasma, as its name implies, is one produced in a gas discharge. 

For a plasma to be in a stationary state, processes are needed that 
replenish the stock of ions diminishing as a result of recombination. 
In high-temperature plasma, this is achieved as a result of thermal 
ionization, in gas-discharge plasma, as a result of collision ioniza- 
tion by electrons accelerated by an electric field. The ionosphere 
(one of the layers of the atmosphere) is a special variety of plasma, 
The high degree of ionization of the molecules (~ 1%) is main- 
tained in the ionosphere by photoionization due to the Sun's short- 
wave radiation. 

The electrons in a gas-discharge plasma participate in two mo- 
tions—chaotic with a certain average velocity (v) and ordered motion 
in a direction opposite to E with the average velocity (u) much 
smaller than (v). 

We shall prove that an electric field not only leads to ordered 
motion of the electrons of a plasma, but also increases the velocity 
(w) of their chaotic motion. Assume that at the moment when the 
field is switched on the gas contains a certain number of electrons 
whose average velocity corresponds to the gas temperature 
Te (fmwy= $ kT; ). In the interval between two successive 
collisions with molecules, an electron covers on an average the path 


l (Fig. 12.7; the trajectory of the electron is curved slightly under 
the action of the force —eE). The work done by the field on the elec- 


tron is 
A = eElp (12.16) 
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where ly is the:projection of the electron’s path onto the direction of 
the force exerted on it. Owing to collisions with molecules, the di- 
tection of motion of the electron constantly changes chaotically, 
The magnitude and sign of ly change accordingly. This is why the 
work given by Eq. (12.16) for separate portions of the path varies in 
magnitude and changes in its sign. On some sections, the field in- 
creases the energy of the electron, on others diminishes it. If ordered 
motion of the electrons were absent, the average value of lp and, 
consequently, the work given by Eq. (12.16) would be zero. The 
presence of ordered motion, however, leads 
to the average value of the work A differ- 
ing from zero; it is positive and equals 


(A)= eB (ujt = eE (u) -$ (12.47) 
where t is the average time needed by 
the electrons to cover their free path 
(tu) & w). 

Thus, a field on an average increases the 
energy of the electrons. True, an electron 
upon colliding with a molecule gives up 
part of its energy to it. But, as we have seen in the preceding section, 
the fraction 6 of the energy transferred in an elastic collision is very 
small—it averages* (8) = 2 (m/M) (here m is the mass of an elec- 
tron, and M that of a molecule). 

In a rarefied gas (in which 7 is greater) and with a sufficiently great 
field strength Æ, the work (A) [Eq. (12.17)] may exceed the energy 
+ m(v').(8) transferred on an average to a molecule in each col- 
lision. The result will be a growth in the energy of chaotic motion of 
the electrons. It ultimately reaches values sufficient to excite or 
ionize a molecule. Beginning from this moment, part of the colli- 
sions stop being elastic and are attended by a large loss of energy. 
Therefore, the average fraction (8) of energy transferred increases. 

Thus, the electrons acquire the energy needed for ionization not 
during one interval between collisions, but gradually in the course 
of a number of them. Ionization leads to the appearance of a large 
number of electrons and positive ions—a plasma is produced. 

The energy of the electrons of a plasma is determined by the con- 
dition that the average value of the work done by the field on an 
electron during one interval between collisions equals the average 
value of the energy given up by the electron upon colliding with @ 


Fig. 12.7 


* According to Eq. (12.12), in a central collision ô = 4 (m/M). When the 
electron and the molecule only slightly touch each other, we have 6 ~ 0. 
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molecule; 


eE (u) wa me 6) 


Here (5) is an intricate function of (v). 

Experiments show that the Maxwell distribution by velocities 
holds for the electrons in a gas-discharge plasma. Owing to the weak 
interaction of the electrons with the molecules (in an elastic collision 
6 is very small, while the relative number of inelastic collisions is 
negligible), the average velocity of chaotic motion of the electrons 
is many times greater than the velocity corresponding to the tempe- 
rature T of the gas. If we introduce the temperature of the electrons 


T, determining it from the equation + mv) = kT then we 


get a value of the order of several tens of thousands of kelvins for 
Te. The failure of the temperatures 7, and T, to coincide indicates 
that there is no thermodynamic equilibrium between the electrons 
and molecules in a gas-discharge plasma*. 

The concentration of the current carriers in a plasma is very high. 
Therefore, a plasma is an excellent conductor. The mobility of the 
electrons is about three orders of magnitude greater than that of the 
ions, Hence, the current in a plasma is mainly set up by its electrons. 


12.6. Glow Discharge 


A glow discharge appears at low pressures. It can be observed in 
a glass tube about 0.5 m long with flat metal electrodes soldered into 
its ends (Fig. 12.8). A voltage of ~ 1000 V is supplied to the 
electrodes. There is virtually no current in the tube at atmospheric 
pressure. If the pressure is lowered, then approximately at 50 mmHg 
a discharge appears in the form of a glowing sinuous thin cord con- 
necting the anode and the cathode. Lowering of the pressure is attend- 
ed by thickening of the cord, and at about 5 mmHg the cord fills 
the entire cross section of the tube—a glow discharge sets in. Its 
principal parts are shown in Fig. 12.8. Near the cathode is a thin 
luminous layer called the cathode luminous film. Between the cath- 
ode and the luminous film is the Aston dark space. At the other side 
of the luminous film is a weakly luminous layer which by contrast 
appears to be dark and is accordingly known as the cathode (or 
Crookes) dark space. This layer bounds on a luminous region called 
the negative glow. All the above layers form the cathode part of the 
glow discharge. 


* The average energy of the molecules, electrons, and ions in a high-temper- 
ature plasma is the same, This explains its other ‘name—isothermal plasma. 
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The negative glow is followed by the Faraday dark space. The 
boundary between them is blurred. The remaining part of the tube 
is filled with a luminous gas; it is called the positive column. At 
a lower pressure, the cathode part of the discharge and the Faraday 
dark space become wider, while the positive column becomes shorter. 
At a pressure of the order of 4 mmHg, the positive column breaks 
up into a number of alternating dark and light bent layers—strata. 

Measurements made with the aid of probes (thin wires soldered in 
at different points along the tube) and by other means have shown that 
the potential changes non-uniformly along a tube (see the graph in 
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Fig. 12.8 


Fig. 12.8). Virtually the entire potential drop falls to the share of the 
first three parts of the discharge up to the cathode dark space inclu- 
sively. This portion of the voltage applied to a tube is called the 
cathode potential drop. The potential remains unchanged in the region 
of the negative glow—here the field strength is zero. Finally, the 
potential gradually grows in the Faraday dark space and in the po- 
sitive column. Such a distribution of the potential is due to the for- 
mation in the cathode dark space of a positive space charge be- 
cause of the increased concentration of the positive ions. t 

The main processes needed to maintain a glow discharge occur in 
its cathode part. The other parts of the discharge are not significant, 
they may even be absent (with a small spacing of the electrodes oF 
at a low pressure). There are two main processes—secondary elec- 
tron emission from the cathode produced by its bombardment with 
positive ions, and collision ionization of the gas molecules by elec- 
trons. 

The positive ions accelerated by the cathode potential drop bom- 
bard the cathode and knock electrons out of it. These electrons are 
accelerated by the electric field in the Aston dark space. Acquiring 
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sufficient, energy, they begin to excite the gas molecules, owing to 
which the cathode luminous film appears. The electrons that fly 
without any collisions into the region of the cathode dark space have 
a high energy, and as a result they ionize the molecules more fre- 
quently than they excite them (see the graphs in Fig. 12.6). Thus, 
the intensity of glowing of the gas diminishes, but in return many 
electrons and positive ions appear. The ions produced first have a 
very low velocity. As a result, a positive space charge is formed in 
the cathode dark space. This leads to redistribution of the potential 
along the tube and to the appearance of the cathode potential drop. 

The electrons appearing in the cathode dark space penetrate into 
the negative glow region that is characterized by a high concentra- 
tion of electrons and positive ions and by a total space charge close 
to zero (a plasma), Therefore, the field strength here is very low. Ow- 
ing to the high concentration of electrons and ions, an intensive re- 
combination process goes on in the negative glow region. It is attend- 
ed by the emission of the energy liberated during this process. Thus, 
the negative glow is mainly a glow of recombination. 

The electrons and ions penetrate from the negative glow region 
into the Faraday dark space because of diffusion (there is no field on 
the boundary between these regions, but in return there is a high 
gradient of electron and ion concentration). The lower concentration 
of the charged particles greatly diminishes the probability of recom- 
bination in the Faraday dark space. This is why the latter space seems 
to be dark. 

A field is already present in the Faraday dark space. The electrons 
carried away by this field gradually accumulate energy so that the 
conditions needed for the existence of a plasma finally appear. The 
Positive column is a gas-discharge plasma. Jt plays the part of a con- 
ductor joining the anode to the cathode parts of the discharge. The 
glow of the positive column is mainly due to transitions of excited 
molecules to their ground state. Molecules of different gases emit ra- 
diation of different wavelengths in such transitions. Therefore, the 
glow of the positive column has a characteristic colour for each gas. 
This circumstance is taken advantage of in glow tubes for manufac- 
turing luminous inscriptions and advertisements. These inscriptions 
are the positive column of a glow discharge. Neon gas-discharge 
tubes produce a red glow, argon ones a bluish-green glow, etc. 

If the electrode spacing is gradually diminished, the cathode part 
of the discharge remains unchanged whereas the length of the positive 
column diminishes until this column disappears completely. Next, 
the Faraday dark space disappears, and the length of the negative 
glow begins to decrease, the position of the boundary of this glow 
with the cathode dark space remaining unchanged. When the dis- 
tance from the anode to this boundary becomes very small, the 
discharge stops. 
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If the pressure is gradually lowered, the cathode part of the dis- 
charge extends over a greater and greater part of the interelectrode 
space, and finally the cathode dark space extends over almost the 
entire tube. The glow of the gas in this case stops being noticeable, 
but in return the tube walls begin to glow with a greenish colour, 
The majority of the electrons knocked out of the cathode and accel- 
erated by the cathode potential drop reach the tube walls without col- 
liding with molecules of the gas and cause the walls to glow upon 
striking them. For historical reasons, the stream of electrons emitted 
by the cathode of a gas-discharge tube at very low pressures was called 
cathode rays. The glow produced by bombardment with fast elec- 
trons is called cathodoluminescence. 

If a narrow canal is made in the cathode of a gas-discharge tube, 
part of the positive ions penetrate into the space beyond the cathode 
and form a sharply bounded beam of ions called canal (or positive) 
rays. Beams of positive ions were first obtained in exactly this way. 


12.7, Arc Discharge 


In 1802, the Russian physicist Vasili Petrov (1761-1834) discov- 
ered that when contacting carbon electrodes connected to a large gal- 
vanic battery are moved apart, a concentrated light flares up be- 
tween the electrodes. When the electrodes are horizontal, the heated 
luminescent gas bends in the shape of an arc. This is why the pheno- 
menon discovered by Petrov was called an electric arc. The current 
in the arc may reach enormous values (from 108 to 10¢ A) at a voltage 
of several scores of volts. 

An are discharge can proceed at both a low (of the order of several 
millimetres of mercury) and a high (up to 1000 atmospheres) pressure. 
The main processes maintaining the discharge are thermionic emis- 
sion from the heated cathode surface and thermal ionization of the 
molecules due to the high temperature of the gas in the space be- 
tween the electrodes. Almost the entire interelectrode space is filled 
with a high-temperature plasma. It is the conductor through which 
the electrons emitted by the cathode reach the anode. The tempera- 
ture of the plasma is about 6000 K. In a superhigh-pressure arc, the 
temperature of the plasma may reach 10 000 K (we remind our reader 
that the temperature of the Sun’s surface is 5800 K). Owing to bom- 
bardment by positive ions, the cathode is heated to about 3500 K. 
The anode, bombarded by a powerful stream of electrons, is heated 
still more. As a result, the anode intensively evaporates, and a de- 
pression—a crater—is formed on its surface. The crater is the bright 
est place in an are. pi 

An are discharge has a dropping volt-ampere a 
(Fig. 12.9). The explanation is that a current increase is attended by 
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a growth in the thermionic emission from the cathode and in the 
degree of ionization of the gas-discharge space. As a result, the resis- 
tance of this. space diminishes at a greater rate than that of the cur- 
rent increase. 

. Apart from the thermionic arc described above (i.e. a discharge due 
to thermionic emission from the heated surface of the cathode) an 
are with a cold cathode is also encountered. 

Usually liquid mercury poured into a cylinder J 

from which the air has been evacuated is the 

cathode of such an arc. The discharge occurs in 

the mercury vapour. The electrons fly out of the 

cathode asa result of autoelectronic emission. 

The strong field at the cathode surface needed 

for this to occur is set up by the positive space y 
charge formed by the ions. The electrons are Fig. 12.9 
emitted not by the entire surfaceof the cathode, 

but by a small luminous and continuously moving cathode spot. The 
temperature of the gas in this case is not high. The molecules in the 
plasma are ionized, as in a glow discharge, as a result of collisions 
with the electrons. 


12.8. Spark and Corona Discharges 


A spark discharge is produced when the electric field strength reach- 
es the breakdown value Æp for the given gas. The value of Epr de- 
pends on the gas pressure; it is about 3 MV/m (30 kV/cm) for air. 
The value of Ey, varies with the pressure. According to the experi- 
mentally established Paschen law, the ratio of the breakdown field 
Strength to the pressure is approximately constant: 


For ~ const 


A spark discharge is attended by the formation of a brightly lu- 
minous tortuous branched canal along which a short-time strong- 
current pulse flows. An example is lightning; its length may be up to 
10 km, the diameter of the canal up to 40 cm, the current may reach 
100 000 and more amperes, and the duration of the pulse is about 
10~*'s. Every stroke of lightning consists of several (up to 50) pulses 
flowing along the same canal; their total duration (together with 
the intervals between the pulses) may reach several seconds. The 
temperature of the gas in the spark canal is up to 10 000 K. The 
rapid strong heating of the gas leads to a sharp growth in the pressure 
and the production of shock and sound waves. This is why a spark 
discharge is attended by sound phenomena—from a weak crackling 
for a low-power spark to peals of thunder accompanying a stroke of 
lightning. 
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The appearance of a spark is preceded by the formation in the gas 
of a greatly ionized canal known as a streamer. The latter is obtained 
by overlapping of the separate electron avalanches appearing along 
the path of the spark. The forefather of each avalanche is an electron 
released by photoionization. How a streamer develops is shown in 
Fig. 12.10. Assume that the field strength has a value such that an 
electron flying out of the cathode as a result of some process or other 
acquires an energy sufficient for ionization along its free path. This 
causes multiplication of the electrons to occur—an avalanche is 
formed (the positive ions appearing during this process do not play a 
noticeable part owing to their much smaller mobility; they only set up 


Fig. 12.10 


Cathode 
Anode 


the space charge resulting in redistribution of the potential). The 
short-wave radiation emitted by an atom that lost one of its inner 
electrons when ionized (this radiation is shown by wavy lines in the 
figure) produces photoionization of the molecules, the detached elec- 
trons giving birth to more and more new avalanches. After overlapping 
of the avalanches, a well-conducting canal—a streamer—is formed 
along which a powerful stream of electrons flows from the cathode to 
the anode—breakdown. occurs. 

If the electrodes have a shape at which the field in the space be- 
tween them is approximately homogeneous (for example, they are 
spheres of a sufficiently great diameter), then breakdown occurs at 
a quite definite voltage Upr whose value depends on the distance be- 
tween the spheres Z (Uy; = Eyrl). This underlies the design of a 
spark voltmeter used to measure high voltages (from 10° to 10° V). 
During such measurements, the maximum distance Imax is determined 
at which a spark appears. Next multiplying Æpr by Imax, we get 
the value of the voltage being measured. 

If one of the electrodes (or both) has.a very great curvature (for 
example, the electrode is a thin wire or a sharp point), then when the 
voltage is not too high, a so-called corona discharge is produced. When 
the voltage grows, this discharge transforms into a spark or an are 
discharge. 

In a corona discharge, the ionization and excitation of the molecu- 
les occur not in the entire interelectrode space, but only near an elec- 
trode having a small radius of curvature, where the field etree 
teaches values equal to or greater than Epr: The gas glows in th 
part of the discharge. The glow has the form of a corona surrounding 
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the electrode, and this explains the name given to this kind of dis- 
charge. A corona discharge from a point has the form of a luminous 
brush, and for this reason it is sometimes known as a brush discharge. 
Positive and negative coronas are distinguished depending on the 
sign of the corona electrode. The external corona region is between 
the corona layer and the non-corona electrode. Breakdown conditions 
(E > Er) exist only within the limits of the corona layer. We can 
therefore say that a corona discharge is incomplete breakdown of the 
gas space. 

With a negative corona, the phenomena at the cathode are similar 
to those at the cathode of a glow discharge. The positive ions accel- 
erated by the field knock electrons out of the cathode. These elect- 
rons produce ionization and excitation of the molecules in the corona 
layer. In the external region of the corona, the field is not sufficient 
to impart the energy needed for ionization or excitation of the mole- 
cules to the electrons. For this reason, the electrons that penetrate 
into this region drift toward the anode under the action of the field. 
Part of the electrons are captured by the molecules, the result being 
the formation of negative ions. Thus, the current in the external 
region is due only to negative carriers—electrons and negative ions, 
The discharge in this region is of a semi-self-sustained nature. 

In a positive corona, the electron avalanches are conceived at the 
outer boundary of the corona and fly toward the corona electrode— 
the anode. The appearance of electrons giving birth to avalanches is 
due to photoionization produced by the radiation of the corona layer. 
The current carriers in the external region of the corona are the 
positive ions that drift to the cathode under the action of the field. 

If both electrodes have a great curvature (two corona electrodes), 
processes occur near each of them that are characteristic of a corona 
electrode of the given sign. Both corona layers are separated by an 
external region in which opposite streams of positive and negative 
current carriers travel. Such a corona is called a bipolar one. 

The self-sustained gas discharge mentioned in Sec. 12.3 when treat- 
ing counters is a corona discharge. 

The thickness of the corona layer and the discharge current grow 
with an increasing voltage. At a low voltage, the size of the corona 
is small, and its glow is hard to notice. Such a microscopic corona is 
produced near a sharp point off which an electric wind flows (see 


. 3.4). 

The phish electrical glow caused by corona discharge on masts and 
other high parts of a ship at sea before and after electrical storms was 
called St. Elmo’s fire in olden days. 

In high-voltage facilities, for example, in high-tension transmis- 
sion lines, a corona discharge leads to the harmful leakage of current. 
Measures therefore have to be taken to prevent it. For this purpose, 
for instance, the wires of high-tension lines are taken of a sufficiently 
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large diameter, which is the greater, the higher is the voltage of the 
line. % 
The corona discharge has found a useful application in engineer- 
ing in electrical filters, The gas being purified flows through a tube 


along whose axis a negative corona electrode is arranged. The nega- 


tive ions present in a great number in the external region of the co- 
rona settle on the particles or droplets polluting the gas and are car- 
tied along with them to the external non-corona electrode. Upon 
reaching the latter, the particles become neutralized and settle on 
it. Later, blows are struck at the tube and the sediment formed by 
the precipitated particles drops into a collector. 


CHAPTER 13. ELECTRICAL 
OSCILLATIONS 


13.4. Quasistationary Currents 


When considering electrical oscillations, we have to do with time- 
varying currents. Ohm’s law and Kirchhoff’s rules following from it 
were established for a steady current. They also hold, however, for 
the instantaneous values of a varying current and voltage if the 
changes are not too fast. Electromagnetic disturbances propagate 
along a circuit with a tremendous speed equal to the speed of light c. 
Assume that the length of a circuit is 1. If during the time t = l/c 
needed for the transmission of a disturbance to the farthest point 
of a circuit, the current changes insignificantly, then the instantaneous 
values of the current in all the cross sections of the circuit will be 
virtually identical. Currents obeying this condition are called qua- 
sistationary. For periodically varying currents, the condition for a 
quasistationary state is 


L 
t>o [T 


where 7'is the period of the changes. 

The delay for a circuit 3 m long is t = 10 s. Thus, up to values 
of T of the order of 10~ s (which corresponds to a frequency of 10° Hz), 
the currents in such a circuit may be considered quasistationary. A 
current of industrial frequency (v = 50 or 60 Hz) is quasistationary 
for circuits up to about 100 km long. 

The instantaneous values of quasistationary currents obey Ohm’s 
law. Hence, Kirchhoff’s rules also hold for them. 

In the following when studying electrical oscillations, we shall 
always assume that the currents we are dealing with are quasista- 
tionary. 


13.2. Free Oscillations in a Circuit 
Without a Resistance 
Electrical oscillations may appear in a circuit containing an in- 
ductance and a capacitance. Such a circuit is therefore called an 


oscillatory circuit. Figure 13.1a shows the consecutive stages of an 
oscillatory process in an idealized circuit containing no resistance. 


17* 
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Oscillations can be set up in the circuit either by supplying a cer- 
tain initial charge to the capacitor plates or by producing a current 
in the inductance (for example, by switching off the external magnet- 
ic field passing through the coil turns). Let us use the first method. 
We shall connect the capacitor to a source of voltage after discon- 
necting it from the inductance. The result will be the appearance of 
unlike charges +g and —g on the plates (stage 7). An electric field 


will be set up between the plates, and its energy will be + (q*/C) 


[see Eq. (4.5)]. If we next switch off the voltage source and connect 
the capacitor to the inductance, it will begin to discharge, and a 


Stages: 1 
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I I 
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current will flow through the circuit. The energy of the electric 
field will diminish as a result, but in return a constantly growing 
energy of the magnetic field set up by the current flowing through the 


inductance will appear. This energy is + LI? [see Eq. (8.37)]. 


Since the resistance of the circuit is zero, the total energy consist- 
ing of the energies of the electric and magnetic fields is not used for 
heating the wires and will remain constant*. Therefore at the moment 
when the voltage across the capacitor and, consequently, the energy 
of the electric field vanish, the energy of the magnetic field and, con- 
sequently, the current reach their maximum value (stage 2; begin- 
ning from this moment, the current flows at the expense of the self- 
induced e.m.f.). After this, the current diminishes, and, when the 


* Strictly speaking, in such an idealized circuit. energy would be lost on the 
radiation of electromagnetic waves. This loss grows ‘with an increasing frequency 
of oscillations and when the circuit is more “open”. 
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charges on the plates reach their initial value g, the current will va- 
nish (stage 3). Next, the same processes occur in the opposite direc- 
tion (stages 4 and 5). After them, the system returns to its initial 
state (stage 5), and the entire cycle repeats again and again. The 
charge on the plates, the voltage across the capacitor, and the current 
flowing in the inductance periodically change (i.e. oscillate) during 
the process. The oscillations are attended by mutual transformations 
of the electric and magnetic field energies. 
Figure 13.16 compares the oscillations of a 
spring pendulum with those in the circuit. The 
supply of charges to the capacitor plates cor- 
responds to bringing the pendulum out of its 
equilibrium position by exerting an external 
force on it and imparting the initial devia- 
tion z to it. The potential energy of elastic de- 


formation of the spring equal to + kz? is pro- 


duced. Stage 2 corresponds to passing of the Fig. 13.2 
pendulum through its equilibrium position. 

At this moment, the quasi-elastic force vanishes, and the pendulum 
continues its motion by inertia. By this time, the energy of the pendu- 
lum completely transforms into kinetic energy and is determined by 


the expression + mz. We shall let our reader compare the further 


stages. 
It can be seen from a comparison of electrical and mechanical os- 


cillations that the energy of an electric field + (¢/C) is similar to 
the potential energy of elastic deformation, and the energy of a mag- 
netic field + LI? is similar to the kinetic energy. The inductance L 
plays the part of the mass m, and the reciprocal of the capacitance 


(4/C) the part of the spring constant k. Finally, the displacement x 
of the pendulum from its equilibrium position corresponds to the 
charge q, and the speed z to the current J = q. We shall see below 
that the analogy between electrical and mechanical oscillations also 
extends to the mathematical equations describing them. 

Let us find an equation for the oscillations in a circuit without a 
resistance (an L-C circuit). We shall consider the current charging 
the capacitor to be positive* (Fig. 13.2). Hence, by Eq. (5.1), 


vrag 
l= me 
* With such a choice of the direction of the current, the analogy between 


electrical and mechanical oscillations is more complete: q corresponds to the 
speed z (with a different choice, —g corresponds to the speed z). 
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Equation (5.27) of Ohm’s law for circuit 1-3-2 is 
TR=9,— 92+ 81 


In our casey R=0, pı — = gC, and gj, = 8, = 
= — L (di/dt). Introducing these values into Eq. (5.27), we get 
0=—4 giL (13.4) 
Finally, replacing d//dt with q [see Eq. (5.1)], we get 
+45 9=0 (13.2) 
If we introduce the symbol 
Parik iE. (13.3) 
Eq. (13.2) becomes 
9+ oig=0 (13:4) 


which is our good acquaintance from the science of mechanical oscil- 
lations [see Eq. (7.7) of Vol. I, p- 188]. The following function is 
a solution of this equation: 


4. = Gm. COS (wot + a) (13.5) 


(the subscript “m” stands for maximum). 

Thus, the charge on the capacitor plates changes according to 
a harmonic law with a frequency determined by Eq. (13.3). This 
frequency is called the natural frequency of the circuit (it corresponds 
to the natural frequency of a harmonic oscillator). We get the so- 
called Thomson formula for the period of the oscillations: 


T =2n VLC (13.6) 


The voltage across the capacitor differs from the charge by the 
factor 1/C: 


Un a COS (Wot + &) = Um COS (Wot +a) (13.7) 


Time differentiation of Eq. (13.5) yields an expression for the cur- 
rent; 


T= — 9m Sin (wot +a) = Tp cos ( oota + 7) (13.8) 


Thus, the current leads the voltage across the capacitor in phase by 
n/2. 

A comparison of Eqs. (13.5) and (13.7) with Eq. (13.8) shows tha 
at the moment when the current reaches its maximum value, ye 
charge and the voltage. vanish, and vice versa. We have already 
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established this relation between the charge and the current on the 
basis of energy considerations. 
Examination of Eqs. (43.7) and (43.8) shows that 
Un= in Im = 99m 

Taking the ratio of these amplitudes and substituting for wọ its value 
from Eq. (43.3), we get 

Ua=V in (43:9) 
We can also obtain this equation if we proceed from the fact that the 
maximum value of the energy of the electric field + CU%, must equal 


the maximum value of the energy of the magnetic field PL. 


13.3. Free Damped Oscillations 


Any real circuit has a resistance. The energy stored in the circuit 
is gradually spent in this resistance for heating, owing to which the 
free oscillations become damped. Equation 
(5.27) written for circuit 1-3-2 shown in Fig. 13.3 
has the form 


q al 
m=-4-14 (13,40) 
(compare with Eq. (43.1)]. Dividing this equa- 


tion by Z and substituting g for IJ and q for 
dI/dt, we obtain 


a+tat+qeaH0 (48.44) Fig, 13.3 


Taking into account that the reciprocal of LC equals the square of 
the natural frequency of the circuit wọ [see Eq. (13.3)], and introduc- 
ing the symbol 


b= (43.42) 
Eq. (43.44) can be written in the form 
G+289-+ wig=0 (43.43) 


This equation coincides with the differential equation of damped 


i lations [see Eq. (7.11) of Vol. I, p. 189]. 
mna Bt = a 16 Pan tite, the solution of Eq. (13.13) 


has the form 
q= qm, o &XP (— Pt) cos (wt +a) (43.44) 
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where o = Yo? — E Substituting for @, its value from Eq. (13.3) 
and for B its value from Eq. (13.42), we find that 

Te ~ a (13.45) 
Thus, the frequency of damped oscillations œ is smaller than the 
DAA ead ©. When R =0, Eq. (13.43) transforms into 
Eq. (43.3). 


Dividing Eq. (13.14) by the capacitance C, we get the voltage 
across the capacitor: 


U = 44 e-B cos (ot + a)=U m, oe- cos (ot+a) (13.16) 


To find the current, we shall differentiate Eq. (13.14) with respect 
to time 


I=9= qm, o¢~* [— B cos (at +a)— osin (wt + a)] 
Multiplying the right-hand side of this equation by the expression 
bak Sets, 

Von 
equal to unity, we get 


T= outa, -® [ — Pe c08 (ot +a) — 


AD eS Ont iain ot +a) 
Vapp ] 
Introducing the angle p determined by the conditions 


EER ee E T DT EA ee A 
cosp Vath ws siny Taan ws 
we can write 
T= Oom. o2- cos (ot Fa +y) (43.17) 


Since cos p < 0 and sin p >0, the value ofp is within the limits 
from 2/2 to x (i.e. n/2 <p < x). Thus, when a circuit contains a 
resistance, the current leads the voltage across the capacitor in phase 
by more than x/2 (when R = 0, the advance in phasé is 2/2). 

A plot of function (43.14) is depicted in Fig. 13.4. Plots of the volt- 
age and current are similar to it. ) 

It is customary practice to characterize the damping of oscil- 
lations by the logarithmic decrement 


Ligeti roche: 18 
A= In AO =pr (13.18) 
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[see Eq. (7.404) of Vol. I, p: 242). Here A (t) is the amplitude of 
the relevant quantity (g, U, or J). We remind our reader that the 
logarithmic decrement is the reciprocal of the number of oscilla- 
tions N, performed during the time needed for the amplitude to de- 
crease to 1/e of its initial value: 
$ 
A= qT 

Using in Eq. (13.18) the value of B 
from Eq. (13.12) and substituting 2x/@ 
for T, we get the following expression 
for A: 


R 2n_ aR 
= a= (13.19) Fig. 13.4 


The frequency w, and, therefore, also A are determined by the para- 
meters of a circuit L, C, and R. Thus, the logarithmic decrement is 
a characteristic of a circuit. 

If the damping is not great (B? < «), we can assume in Eq, (13,19) 
that o + Oo = 4/ VIC. Hence, 


naw RYT RS (13.20) 


An oscillatory circuit is often characterized by its quality, or 
simply Q, determined as a quantity that is inversely proportional to 
the logarithmic decrement: 


Q=5=aN, (13.21) 


It follows from Eq. (13.21) that the quality of a circuit is the higher, 
the greater is the number of oscillations completed before the am- 
plitude diminishes to 4/e of its initial value. 

For weak damping, we have 


apip ras (13.22) 
[see Eq. (43.20)]. 


In Sec. 7.10 of Vol. I, p. 240 et seq., we showed that when the damp- 
ing is weak, the quality of a mechanical oscillatory system equals 
the ratio of the energy stored in the system at a given moment to the 
decrement of this energy during one period of oscillations with an 
accuracy to the factor 2. We shall show that this also holds for elec- 
trical oscillations. The amplitude of the current in a circuit dimin- 
ishes according to the law e®. The energy W stored in the circuit 
is proportional to the square of the current amplitude (or to the square 
of the amplitude of the voltage across the capacitor). Hence, Ww 
diminishes according to the law e~*'. The relative reduction in the 
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energy during a period is 
AW _ WU—We+T) _ 12728 a 
iM inn adt oaan e GAD a a 


With insignificant damping (i.e. when 4 « 1), we may assume that 
e- is approximately equal to 1 — 2h: 


Ww 
A =1-(1- 24) = 


Finally, substituting the quality Q of the circuit for À in this expres- 
sion in accordance with Eq. (13.21) and solving the equation obtained 
relative to Q, we get 


Q= 2a (13.23) 


We shall note in conclusion that when R?/4L? > 1/LC, i.e. when 
B* > œ an aperiodic discharge of the capacitor occurs instead of 
oscillations. The resistance of a circuit at which an oscillatory proc- 
ess transforms into an aperiodic one is called critical. The value of 
the critical resistance Ro; is determined by the condition R2,/4L? = 
= 1/LC, whence 


Rer= 2% (13.24) 


13.4. Forced Electrical Oscillations 


To produce forced oscillations of a system, an external periodically 
changing action must be exerted on it. This can be achieved for elec- 
trical oscillations if we connect a varying 


R L c e.m.f. in series with the circuit elements 

7 T 7 or, if after breaking the circuit, we feed 

He lfp rta y eiat an alternating voltage to the contacts 
y formed, i.e. the voltage 


U = Um cos wt . (13.25) 


(Fig: 13.5). This voltage-must be added 
to the self-induced e.m.f. As a result, Eq. (43.10) acquires the form 


Fig. 13.5 


IR=—2—-L E40, cos wt (13.26): 
After transformations, we get the equation 
T+ oig = 42 cos ot (13.27) 
Here wç and f are determined by Eqs. (13.3) and (13.12). 
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Equation (13.27) coincides with the differential equation of forced 
mechanical oscillations [see Eq. (7.111) of Vol. I, p. 215]. A partial 
solution of this equation has the form 


q = qm Cos (wt — 1p) (43.28) 
where 
sa Umik __2Bo 
m- Tao Pao 


[see Eq. (7.149) of Vol. I, p. 216]. Substitution of their values for 
o} and B gives 


U 
A E T, EN 
ta = S VEF OL ioth (13.29) 


tan d= Teer (13.30) 
A general solution is obtained if we add the general solution of 
the relevant homogeneous equation to partial solution (13.28). This 
solution was obtained in the preceding section [see Eq. (13.14). 
It contains the exponential factor e-P', therefore, after sufficient 
time elapses, becomes very small and it may be disregarded. Con- 
sequently, stationary forced oscillations are described by the func- 
tion (13.28). 
Time differentiation of Eq. (13.28) gives the current in a circuit 
with stationary oscillations: 


I = — Ogm sin (wt — p) = Im Cos (ot—9+ +) 
(Im = qm). Let us write this expression in the form* 
I = Im cos (wt — 9) (43.31) 


where ~ = p — n/2 is the shift in phase between the current and the 
applied voltage [see Eq. (13.25)]. In accordance with Eq. (13.30): 


L—1/oC 
tan g=tan(p—) = ey SS (13.32) 


Inspection of this equation shows that the current lags in phase be- 
hind the voltage (p >0) when oL >41/oC, and leads the voltage 
(p <0) when œL < 1/@C. According to Eq. (13.29): 


u 
pin = 13.33 
Tm = 09m = 7a OL iot C339) 


Let us write Eq. (43.26) in the form 
IRF EHL Unco wt (13.34) 


* We shall not encounter the concept of potential any more up to the end of 
this chapter. Therefore, no misunderstandings will appear if we use the symbol 
@ for the phase angle. 
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The product JR equals the voltage Up across the resistance, g/C is 
the voltage across the capacitor U ç, and the expression L (dJ/dt) de- 
termines the voltage across the inductance Uy. Taking this into 
account, we can write 


Ur + Ug + Ur = Up cos wt (13.35) 


Thus, the sum of the voltages across the separate elements of a cir- 
cuit at each moment of time equals the voltage applied from an ex- 
ternal source (see Fig. 13.5). 
According to Eq, (13.34) 
Ur = RIm cos (wt — @) (13.36) 
Dividing Eq. (13.28) by the capacitance, we get the voltage across 
the capacitor 
Uc= P 008 (wt—¥) =U 6, m 00s (wt—g—) (413.37) 
Here 
UT gg sa AUE SN tet N 
om Cat VRF Liot OC 
[see Eq. (13.33)]. Multiplying the derivative of function (13.31) 
by L, we get the voltage across the inductance: 


(13.38) 


Ur=LÄ = — wb lgsin(wt—q) =U; 5 cos (ot 9+) 


(13.39) 
Here 
U1, m= OLI mn (13.40) 


A comparison of Eqs. (13.31), (13.36), (13.37), and (13.39) shows 
that the voltage across the capacitor lags in phase behind the current 
by 2/2, while the voltage across the 
inductance leads the current by x/2. The 
voltage across the resistance changes 
in phase with the current. The phase 
relations can be shown very clearly with 
the aid of a vector diagram (see Sec. 7.7 
of Vol. I, p. 203). We remind our read- 
er that a harmonic oscillation (or a 
harmonic function) can be shown with 
the aid of a vector whose length equals 

Fig. 13.6 the amplitude of the oscillation, while 

the direction of the vector makes an 

angle equal to the initial phase of the oscillation witha certain axis. 
Let us take the axis of currents as the straight line from which the 
initial phase is counted. This gives us the diagram shown in Fig. 13.6. 
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According to Eq. (13.35), the sum of the three functions Ug, Ug, and 
Uz must equal the applied voltage U. The voltage U is accordingly 
shown in the diagram by a vector equal to the sum of the vectors 
Ur, Uc, and Ur. We must note that Eq. (13.33) is easily obtained 
from the right triangle formed in the vector diagram by the vectors 
U, Up, and the difference Uz — Uc. 

The resonance frequency for the charge g and the voltage Ug 
across the capacitor is 


Oq, res = OU, res = V of — 28? = wit <o (13.41) 


[see Eq. (7.127) of Vol. I, p. 219]. 
Resonance curves for Ug are shown in Fig. 13.7 (resonance curves 
for q have the same form). They are similar to the resonance curves 


Yom 


Fig. 13.7 Fig. 13.8 


obtained for mechanical oscillations (see Fig. 7.24 of Vol. I, p. 219). 
When œ — 0, the resonance curves converge at one point having the 
ordinate Ug, m = Um, i.e. the voltage appearing across the capacitor 
when it is connected to a source of steady voltage Um. The maximum 
in resonance will be the higher and the sharper, the smaller is B = 
= R/2L, i.e. the smaller is the resistance and the greater the induc- 
tance e circuit. , 

Hosoi curves for the current are shown in Fig. 13.8. They 
correspond to the resonance curves for the velocity in mechanical 
oscillations. The amplitude of the current has a maximum value at 
oL — 1/@C = 0 [see Eq. (13.33)]. Consequently, the resonance 
frequency for the current coincides with the natural frequency of the 
circuit O: : 


4 
anm == aE (13.42) 
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The intercept formed by the resonance curves on the Im-axis is 
zero—at a constant voltage, a steady current cannot flow in a cir- 
cuit containing a capacitor. 

At small damping (when B? < 3), the resonance frequency for 
the voltage can be taken equal to @» [see Eq. (13.41)]. Accordingly, 
we may consider that reel — 1/OrèsC 0. By Eq. (13.38), the 
ratio of the amplitude of the voltage across the capacitor in resonance 
Uc, m,res to the amplitude of the external voltage Um will in this 
case be 


Uctmires erie A E o c i 
W Rae E Rat (43.43) 


[we have assumed in Eq. (43.38) that œ = @y,res = Wo]. Here Q 
is the quality of the circuit [see Eq. (13.22)]. Thus, the quality of a 

j circuit shows how many times the voltage 
z= across a capacitor can exceed the applied 
eA AA a voltage. 

The quality of a circuit also determines 
the sharpness of the resonance curves. Fig- 
ure 13.9 shows a resonance curve for the 
current in a circuit. Instead of laying off 
the values of J corresponding to a given 
frequency along the axis of ordinates, we 
have laid off the ratio of I, to Im,res 
(i.e. to Im in resonance). Let us consider 
the width of the curve Aw taken at the 
height 0.7 (a power ratio of 0.7? ~ 0.5 

Fig. 13.9 corresponds to a ratio of the current am- 

j plitudes equal to 0.7). We can show that 
the ratio of this width to the resonance frequency equals a quantity 
that is the reciprocal of the quality. of a circuit: 


a7}----- 


LS 


Ao 4 
‘aye (13.44) 


We remind our Teader that Eqs. (13.43) and (43.44) hold only for 
large values of Q, i.e. when the damping of the free oscillations in the 
circuit is small. 

The phenomenon of resonance is used to separate the required com- 


ponent from a complex voltage. Assume that the voltage applied to 
4 circuit is 


U=Un, 1008 (0t +0,) Um, 3 c08 (0t + a) F oo 


By tuning the circuit to one of the frequencies @,, @a, etc. (i.e. by 
correspondingly choosing its parameters C and L), we can obtain a 
voltage across the capacitor that exceeds the value of the given com- 
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ponent Q times, whereas the voltage produced across the capacitor 
by the other components will be weak. Such a process is carried out, 
for example, when tuning a radio receiver to the required wavelength. 


13.5. Alternating Current 


The stationary forced oscillations described in the preceding sec- 
tion can be considered as the flow of an alternating current produced 
by the alternating voltage 

U = Um cos wt (43.45) 


in a circuit including a capacitance, an inductance, and a resistance. 
According to Eqs. (13.34), (43.32), and (13.33), this current varies 


according to the law 
I = Im cos (at — 9) (13.46) 


The amplitude of the current is determined by the amplitude of the 
voltage Um, the circuit parameters C, L, R, and the frequency @: 
U. 
=—— 2 13.47 
Im V R4 (oL—1/0C)* ( ) 
The current lags in phase behind the voltage by the angle ọ that 
depends on the parameters of the circuit and on the frequency: 


tan p= oa (43.48) 


When ọ < 0, the current actually leads the voltage. 


The expression 
z= B+ (oL=) (13.49) 


in the denominator of Eq. (13.47) is called the impedance. 
If a circuit consists only of a resistance R, the equation of 
Ohm’s law has the form 
IR = Um cos wt 


Hence it follows that the current in this case varies in phase with 
the voltage, while the amplitude of the current is 
U, 
In= F 
A comparison of this expression with Eq. (13.47) shows that the 
replacement of a capacitor witha shorted circuit section signifies a 
transition to C = co instead of to C = 0. 
Any real circuit has finite values of R, L, and C. It may happen 
that some of these parameters are such that their influence on the 
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Current may be disregarded. Suppose that R of a circuit may be 
assumed equal to zero, and C equal to infinity. Now, we can see 
from Eqs. (13.47) and (13.48) that 


T= (13.50) 


and that tan @ = co (accordingly, ọ = x/2). The quantity 
Xp = ob (13.51) 


is called the inductive reactance. If L is expressed in henries, and 
®@ in rad/s, then Xz will be expressed in ohms, Examination of 


i.e. Xr, =0. 

The current in an inductance lags behind the voltage by x/2. 
Accordingly, the voltage across the inductance leads the current by 
n/2 (see Fig. 13.6). 

Now let us assume that R and L both equal zero. Hence, according 
to Eqs. (13.47) and (13.48), we have 


In = i (13.52) 
tan 9 = — œ (i.e, p = —n/2). The quantity 


Xo =i (13.53) 


is called the capacitive reactance. If C is expressed in farads, and 
in rad/s, then Xo will be expressed in ohms. It follows from Eq. 
(13.53) that the Capacitive reactance diminishes with increasing 


TA te (13.54) 
The quantity 
4 
X=ol——.=X,—Xx, (13.55) 


is called ‘the reactance, 
Equations (13.48) and (13.49) can be written in the form 


tng=+, Z=V EFE 
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Thus, if the values of the resistance R and the reactance X are laid 
off along the legs of a right triangle, then the length of the hypote- 
nuse will numerically equal Z (see Fig. 13.6). 

Let us find the power liberated in an alternating-current circuit. 
The instantaneous value of the power equals the product of the in- 
stantaneous values of the voltage and current: 


P (t) = U (t) I (t) = Um 008 wt- Tm cos (wt — 9) (13.56) 
Taking advantage of the formula 
cosa. cos B= cos (@—B)-+ $008 (a +8) 
we can write Eq. (13.56) in the form 
P(t) = 5 Unlm 008 P+4U pln cos(20t—9) (13.57) 


Of practical interest is the time-average value P (t); which we 
shall denote simply by P» Since the average value of cos (20t — 9) 
is zero, we have 


P= Zalm coso (13.58) 
Inspection of Eq. (13.57) shows that the instantaneous power fluc- 


$ 


Fig. 13.10 


tuates about the average value with a frequency double that of 


the current (Fig. 13.10). 
In accordance with Eq. (13.48), 


ie en R Ls n R 

008) = FEF (@L—tecy Z 

Using this value of cos ọ in Eq. (43.58) and taking into account that 
U,/Z = Im, we get 


(13.59) 


Pim (13.60) 


18—7796 
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The same power is developed by a direct current whose strength is 
n. 4 
I 74 (43.64) 
Quantity (13.61) is known as the effective value of the current. Simi- 
larly, the quantity 
U, 
=m i 
U v2 (13.62) 


is called the effective voltage. 
Expressing the average power through the effective current and 


voltage, we get 
P = UI cos (13.63) 


The factor cos @ in this expression is called the power factor. Engi- 
neers try to make coš p as high as possible. At a low value of cos @, 
a large current must be Passed through a circuit to obtain the 
required power, and this results in greater losses in the feeder lines, 


PART II WAVES 


CHAPTER 14 ELASTIC WAVES 


14.1. Propagation of Waves 
in an Elastic Medium 


If at any place of an elastic (solid or fluid) medium its particles 
are made to oscillate, then owing to interaction between the parti- 
cles, this oscillation will propagate in the medium from particle to 
particle with a certain velocity v. The process of the propagation of 
oscillations in space is called a wave. 

The particles of a medium in which a wave is propagating are not 
made to perform translational motion by the wave, they only oscil- 
late about their equilibrium positions. Depending on the direction of 
oscillations of particles relative to the direction of propagation of 
the wave, longitudinal and transverse waves are distinguished. In the 
former, the particles of the medium oscillate along the direction of 
propagation of the wave. In transverse waves, the particles of the 
medium oscillate in directions at right angles to the direction of 
wave propagation. Elastic transverse waves can appear only in a 
medium having a resistance to shear. Therefore, only longitudinal 
waves can appear in fluids. Both longitudinal and transverse waves 
can appear in a solid. 

Figure 14.1 shows the motion of the particles when a transverse 
wave propagates in a medium. The numbers 7, 2, etc. designate par- 


ticles spaced at a distance of zr, i.e. at the distance travelled by 


the wave during one-fourth of the period of the oscillations performed 
by the particles. At the moment of time taken as zero, the wave 
propagating along the axis from left to right reached particle 7. Asa 
result, the particle began to move upward from its equilibrium posi- 
tion, carrying the following particles along. After one-fourth of a 
period, particle Z reaches its extreme top position; simultaneously, 
particle 2 begins to move from its equilibrium position. After an- 
other fourth of a period elapses, the first particle will pass its equi- 
librium position moving downward, the second particle will reach 


18* 
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its extreme top position, and the third particle will begin to move 
upward from its equilibrium position. At the moment T, the first 
particle will complete a cycle of oscillation and will be in the same 
state of motion as at the initial moment. The wave by the moment 
T, having covered the path vT, will reach particle 5. 


Figure 14.2 shows how the particles move when a longitudinal wave 
propagates in a medium. All the Teasoning relating to the behaviour 
of particles in a transverse wave can also be related to the given case 
with displacements to the right and left substituted for the upward 
and downward ones. A glance at the figure shows that the propagation 
of a longitudinal wave in a medium is attended by alternating com- 
pensations and dilatations of the particles (the places of compensation 
of the particles are surrounded by a dash line in the figure). They 
move in the direction of wave Propagation with the velocity v. 
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Figures 14.1 and 14.2 show oscillations of particles whose equilib- 
rium positions are on the z-axis. Actually, not only the particles 
along the z-axis, but the entire collection of particles contained in a 
certain volume oscillate. Spreading from the source of oscillations, 
the wave process involves new and new parts of space. The locus of 
the points reached by the oscillations at the moment of time t'is 


g 
a 


Fig. 14.3 


called the wavefront. The latter is the surface separating the part 
of space already involved in the wave process from the region in 
which oscillations have not yet appeared. 

The locus of the points oscillating in the same phase is known as 
a wave surface. A wave surface can be drawn through any point of 
the space involved in a wave process. Hence, there is an infinitely 
great number of wave surfaces, whereas there ig only one wavefront 
at each moment of time. Wave surfaces remain stationary (they pass 
through the equilibrium positions of particles oscillating in the 
same phase). A wavefront is in constant motion. 

Wave surfaces can have any shape. In the simplest cases, they are 
planes or spheres. The wave in these cases is called plane or spheri- 
cal, accordingly. In a plane wave, the wave surfaces are a multitude 
of parallel planes, in a spherical wave they are a multitude of con- 
centric spheres. h 

Assume that a plane wave is propagating along the z-axis. Hence, 
all the points of the medium whose equilibrium positions have an 
identical coordinate z (but different values of y and z) oscillate in 
the same phase. Figure 14.3 shows a curve that produces the displace- 
ment £ of points having different z's at a certain moment of time 
from their equilibrium position. This figure must not be understood 
as a visible image of a wave. It shows a graph of the function & (z, t) 
for a certain fixed moment of time ¢. Such a graph can be constructed 
for both a longitudinal and a transverse wave. 

The distance A covered by a wave during the time equal to the pe- 
riod of oscillations of the particles of a medium is called the wave- 


length. It is obvious that 
a n=vT (14.1) 


velocity of the wave 
period of oscillations. 


where v 
T 


Il 
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The wavelength can also be defined as the distance between the 
closest points of a medium that oscillate with a phase difference of 
2x (see Fig. 14.3). 

Substituting 1/v (v is the frequency of oscillations) for 7 in Eq. 
(14.4), we get 

Ww =v (14.2) 


We can also arrive at this equation from the following considerations. 
In one second, a wave source completes v oscillations, producing 
during each oscillation one “crest” and one “trough” in the medium. 
By the moment when the source will complete its v-th oscillation, 
the first crest will cover the path v. Consequently, the path v must 
contain v crests and troughs of the wave. 


14.2. Equations of a Plane 
and a Spherical Wave 


A wave equation is an expression that gives the displacement of 
an oscillating particle as a function of its coordinates T, Y, Z, and 


the time t: 
= 5 (z, Y, 2, t) (14.3) 


(we have in mind the coordinates of the equilibrium position of the 
particle). This function must be periodical both relative to the time 
t and to the coordinates z, y, 2. Its periodicity 
pe in time follows from the fact that § describes 
the oscillations of a particle having the coor- 
dinates z, y, z. Its periodicity with respect 
to the coordinates follows from the fact that 
æ points at a distance A from one another oscil- 

late in the same way. 
pve Let us find the form of the function Ẹ for a 
plane wave assuming that the oscillations are 
harmonic. For simplicity, we shall direct the 
Fig. 14.4 coordinate axes so that the z-axis coincides 
with the direction of propagation of the wave. 
The wave surfaces will therefore be perpen- 
dicular to the z-axis and, since all the points of the wave surface 
oscillate identically, the displacement § will depend only on z and 
on t, ie. § = € (z, t). Let the oscillations of the points in the plane 

xz = 0 (Fig. 14.4) have the form 


$ (0, t) = A cos (wt + a) 


Let us find the form of the oscillations of the points in the plane cor- 
responding to an arbitrary value of z. To travel the path from the 
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plane z = 0 to this plane, the wave needs the time t = z/v (here v 
is the velocity of wave propagation). Consequently, the oscillations 
of the particles in the plane z will lag in time by t behind the oscil- 
lations of the particles in the plane z = 0, i.e. they will have the 
orm 


E (z, t)= A cos [o (t—1)+a] = A cos [o (‘-=) +a] 


Thus, the equation of a plane wave (both a longitudinal and a 
transverse one) propagating in the direction of the z-axis has the 
following form: 


= A cos [o (t-=) +e] (14.4) 


The quantity A is the amplitude of a wave. The initial phase of the 
wave œ is determined by our choice of the beginning of counting z 
and ¢. When considering one wave, the initial time and the coordi- 
nates are usually selected so that œ is zero. This cannot be done, as 
a rule, when considering several waves jointly. 

Let us fix a value of the phase in Eq. (14.4) by assuming that 


"o (t-42) +a= const (44.5) 


This expression determines the relation between the time ¢ and the 
place z where the phase has a fixed value. The value of dz/dt en- 
suing from it gives the velocity with which the given value of the 
phase propagates. Differentiation of Eq. (14.5) yields 


4 
gmn dz=0 
whence 
fev (44.6) 


Thus, the velocity of wave propagation v in Eq. (14.4) is the velo- 
city of phase propagation, and in this connection it is called the 
phase velocity. 

According to Eq. (14.6), we have dz/dt >0. Hence, Eq. (14.4) 
describes a wave propagating in the direction of growing z. A wave 
propagating in the opposite direction is described by the equation 


t= Acos[o (t+ +) +2] (14.7) 


Indeed, equating the phase of wave (14.7) to a constant and differen- 
tiating the equation obtained, we arrive at the expression 


dz 
A han oe 
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from which it follows that the wave given by Eq. (14.7) propagates 
in the direction of diminishing z. 

The equation of a plane wave can be given a symmetrical form 
relative to z and t. For this purpose, let us introduce the quantity 


hee a (14.8) 


known as the wave number, Multiplying the numerator and the de- 
nominator of Eq. (14.8) by the frequency v, we can represent the 
wave number in the form 
a 

k=— (14.9) 
[see Eg. (44.2)]. Opening the parentheses in Eq. (14.4) and taking 
Eq. (14.9) into account, we arrive at the following equation for a 
plane wave propagating along the z-axis: 


— = A cos (ot — kr + æ) (14,10) 


The equation of a wave propagating in the direction of diminishing z 
differs from Eq. (14.10) only in the sign of the term kz. 

In deriving Eq. (14.10), we assumed that the amplitude of the 
oscillations does not depend on z. This is observed for a plane wave 
when. the energy of the wave is not absorbed by the medium. When 
a wave propagates in a medium absorbing energy, the intensity of 
the wave gradually diminishes with an increasing distance from the 
source of oscillations—damping of the wave is observed. Experi- 
ments show that in a homogeneous medium such damping occurs 
according to an exponential law: A = Ae [compare with the 
diminishing of the amplitude of damped oscillations with time; 
see Eq. (7.102) of Vol. I, p. 240]. Accordingly, the equation of a 
plane wave has the following form: 


§ = Aye-¥* cos (wi — kz +a) (44.41) 


(Ao is the amplitude at points in the plane z = 0, and y is the at- 
tenuation coefficient). 

Now let us find the equation of a spherical wave. Any real source 
of waves has a certain extent. But if we limit ourselves to consider- 
ing a wave at distances from its source appreciably exceeding the 
dimensions of the source, then the latter may be treated as a point 
one. A wave emitted by a point source in an isotropic and homoge- 
neous medium will be spherical. Assume that the phase of oscillations 
of the source is (wt + a). Hence, points on a wave surface of radius 
r will oscillate with the phase œ (¢—r/v)-+« = ot — kr + a 
(the wave needs the time t = r/v to travel the path r). The ampli- 
tude of the oscillations in this case, even if the energy of the wave 
is not absorbed by the medium, does not remain constant—it di- 
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minishes with the distance from the source as 4/r (see Sec. 14.6). 
Consequently, the equation of a spherical wave has the form 


t= cos (ot —kr +a) (14.12) 


where A is a constant quantity numerically equal to the amplitude 
at a distance of unity from the source. The dimension of A equals 
that of the oscillating quantity multiplied by the dimension of 
length. The factor e~” must be added to Eq. (14.12) for an ab- 
sorbing medium. 

We remind our reader that owing to the assumptions we have made 
Eq. (14.42) holds only when r- appreciably exceeds the dimensions 
of the source. When r tends to zero, the expression for the amplitude 
tends to infinity. The explanation of this absurd result is that the 
equation cannot be used for small r’s. 


14.3. Equation of a Plane Wave Propagating 
in an Arbitrary Direction 


Let us find the equation of a plane wave propagating in a direction 
making the angles æ, B, y with the coordinate axes z, y, 2. We shall 
assume that the oscillations in a plane passing through the origin 
of coordinates (Fig. 14.5) have the form 


to = A cos (ot +a) (14.13) 


Let us take a wave surface (plane) at the 
distance Z from the origin of coordinates. 
The oscillations in this plane will lag 
behind those expressed by Eq. (14.13) by 
the time t = I/v: 


= Acos [o (t —+) +a] = 
= Acos(ot—kl+a) (14.14) 


[k = w/v; see Eq. (14.9)]. yi 

Let us express l through the position 
vector of points on the surface being con- 
sidered. For this purpose, we shall introduce the unit vector n of a 
normal to the wave surface. A glance at Fig. 14.5 shows that the sca- 
lar product of n and the position vector r of any point on the surface 
is i: 


Fig. 14.5 


nr =rcsg =! 
Substitution of nr for J in Eq. (14.14) yields 
= =A cos (wt — knr + a) (14.45) 
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k = in (14.16) 


equal in magnitude to the wave number k = 2m/) and directed along 
a normal to the wave surface is called the wave vector. Thus, 
Eq. (414.15) can be written in the form 


E (r, t) = A cos (wt — kr + a) (14.17) 


We have obtained the equation for a plane undamped wave propagat- 
ing in the direction determined by the wave vector k. For a damped 
wave, the factor eY- = e-Yar must be added to the equation. 

Function (14.17) gives the deviation of a point having the position 
vector r from its equilibrium position at the moment of time t (we 
remind our reader that r determines the equilibrium position of the 
point). To pass over from the position vector of a point to its coor- 
dinates z, y, z, let us express the scalar product kr through the com- 
ponents of the vectors along the coordinate axes: 


kr = kat + kyy + kz 
The equation of a plane wave therefore becomes 


E (z, y, 2; t) = A cos (wt — kz — ky —k2z+a) (14.18) 
Here 


kz = cosa, ky = cos, k, == cosy (14.19) 


Function (14.48) gives the deviation of a point having the coordi- 
nates x, y, z atthe moment of time t. When n coincides with ex, We 
havek, = z, ky =k, = 0, and Eq. (14.18) transforms into Eq. 
(14.10). It is very convenient to write the equation of a plane wave 
in the form 


E= Re {Aeiot~kr+a)) (14.20) 
The symbol Re is usually omitted, having in mind that only the real 


part of the relevant expression is taken. In addition, the complex 
number 


A= Acta (14.21) 


called the complex amplitude is introduced. The magnitude of this 
— gives the amplitude, and the argument, the initial phase of 
the wave. 


Thus, the equation of a plane undamped wave can be written in 
the form 


Ẹ = Aeilot-xr) (14.22) 


The advantages of writing the equation in this form will come to 
light on a later page. 
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14.4. The Wave Equation 


The equation of any wave is the solution of a differential equation 
called the wave equation. To establish the form of the wave equation, 
let us compare the second partial derivatives with respect to the coor- 
dinates and time of function (14.18) describing a plane wave. Differ- 
entiating this function twice with respect to each of the variables, 
we get 


a = —?Acos (ot— kr +ga) = — o$ 
Z$ kA cos (ot —kr +a) = — 138 
5 = — k? Acos (ot—kr+a)= —k}t 
ZÈ = — HA cos (ot —kr+ a) = — HE 


Summation of the derivatives with respect to the coordinates yields 
DE 4 BH +E — hE (14.23) 
Comparing this sum with the time derivative and substituting 4/v* 


for k?/w* [see Eq. (14.9)], we get the equation 


am 1 a? 
Ga (14.24) 


This is exactly the wave equation. It can be written in the form 
a= (14.25) 


where A is the Laplacian operator [see Eq. (1.104)]. J 
It is easy to convince ourselves that the wave equation is satisfied 
not only by function (14.18), but also by any function of the form 


f(a, yy z; t) =f (ot — kat — kyy — kz + a) (14.26) 
Indeed, denoting the expression in parentheses in the right-hand 
side of Eq. (14.26) by ¢, we have 

of Ht % yy, Sig tT Hier (14.27) 


Ot a at ae a at 
Similarly 
ap, Soap, Shemp (14.28) 
gar kal ’ a vfs rT id S k 


Introducing Eqs. (14.27) and res into Eq. (14.24), we arrive 
at the conclusion that function (14.26) satisfies the wave equation if 
we assume that v = a/k. 
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Any function satisfying an equation of the form of Eq. (14.24) 
describes a wave; the square root of the quantity that is the recipro- 
cal of the coefficient of 0°&/dt? gives the phase velocity of this wave. 

We must note that for a plane wave propagating along the z-axis, 
the wave equation has the form 


(14,29) 


14.5. Velocity of Elastic Waves 
in a Solid Medium 


Assume that a longitudinal plane wave propagates in the direction 
of the z-axis. Let us separate in the medium a cylindrical volume 
with a base area of S and a height of Az 
mi _ Rede (Fig. 14.6). The displacements £ of par- 
ticles with different z’s are different at 
each moment of time (see Fig. 14.3 
showing $ against x). If the base of the 
cylinder with the coordinate z has ata 
certain moment of time the displace- 
O) O(c-dz+§+AE) ment €, then the displacement of a base 
with the coordinate z+ Az will be 
È + AE. Therefore, the volume being 
considered will be deformed—it re- 
ceives the elongation AE (A€ is an alge- 
braic quantity, AE<0 corresponds to 
compression of the cylinder) or the rel- 
ative elongation A§/Az. The quantity 
È +k At/Az gives the average deformation of 
the cylinder. Since § varies with z ac- 
Fig. 14.6 cording to a non-linear law, the true 
deformation in different cross sections of the cylinder will differ. To 
obtain the deformation (strain) in the cross section z, we must 
make Az tend to zero. Thu 


ye (14.30) 


(we have used the symbol of the partial derivative because Ẹ depends 
not only on z, but also on ż). 

The presence of tensile strain points to the existence of the normal 
stress o which at small strains is proportional to the strain. Ac- 
cording to Eq. (2.30) of Vol. I, p. 67, 


o=Ee=E& (14.31) 


“Or 
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(E is Young’s modulus of the medium). We must note that the unit 
strain 0§/dz and, consequently, the stress o at a fixed moment of 
time depend on z (Fig. 14.7). Where the deviations of the particles 
from their equilibrium position are maximum, the strain and the 
stress are zero. Where the particles are passing through their equili- 
brium position, the strain and stress reach their maximum values, 
the positive and negative strains (i.e. tensions and compressions) 
alternating. Accordingly, as we 
have already noted in Sec. 14.1, 
a longitudinal wave consists of 
alternating compressions and di- 
latations of the medium. 

Let us revert to the cylindrical 
volume depicted in Fig. 14.6 and 
write an equation of, motion for 
it. Assuming that Az is very 
small, we can consider that the 
projection of the acceleration onto (i 
the z-axis is the same for all Fig. 14.7 
points of the cylinder and is i o 
d*E/at?. The mass of the cylinder is pS Az, where p is the density of 
the undeformed medium. The projection onto the z-axis of the force 
acting on the cylinder equals the product of the area S of the cyl- 
inder base and the difference between the normal stresses in the cross 


sections (z + Az + & + At) and (x + $): 
a _(& 
F,=SE [(= +ARtE+AS ( oz ae (14.32) 


The value of the derivative 0§/dx in the section z + ô can be 
written with great accuracy for small values of 6 in the form 


at a) . [2 (%)] o-(-%) 4288 (143 
(Ee (ati (3)].8 ( Oz tað (44,33) 
where by 0*€/d2? is meant the value of the second partial derivative 


of Ẹ with respect to z in the cross section z. 
Owing to the smallness of the quantities Az, &, and A§, we can 


perform transformation (14.33) in Eq. (14.32): 
a FE na 
r,=se{{(2),+Sae+e+an|-[(z). tart }}= 
ZSEB (Artai) SETS Ae (14.34) 


i i s f ie ert de 
(the relative elongation 0&/dz in elastic deformations is muc. J 
ler than unity. Consequently, AE < Az so that the addend A& in 
the sum (Az + A&) may be disregarded). 
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Introducing the found values of the mass, acceleration, and force 
into the equation of Newton's second law, we get 


psa ZÈ = SE Zaz 
Finally, cancelling S Az, we arrive at the equation 


a a 
fate (14.35) 
which is the wave equation for the case when & is independent of y 
and z. A comparison of Eqs. (14.29) and (14.35) shows that 


ve z (14.36) 


Thus, the phase velocity of longitudinal elastic waves equals the 
square root of Young’s modulus divided by the density of the medium. 
Similar calculations for transverse waves lead to the expression 


v=Y z (14.37) 
where G is the shear modulus. 


14.6. Energy of an Elastic Wave 


Assume that the plane longitudinal wave 
—§ = A cos (wt — kr + a) 


[see Eq. (14.10)] is propagating in the direction of the z-axis in a 
certain medium. Let us separate in this medium an elementary 
volume AV so small that the velocity and the strain at all the points 
of this volume may be considered the same and equal, respectively, 
to d§/dt and dE/dz. 

The volume we have separated has the kinetic energy 

2 
AW = 4. (2)? av (14.38) 

(p AV is the mass of the volume, and ôẸ/ôt is its velocity). 

According to Eq. (3.84) of Vol. I, p. 99, the volume being con- 
sidered also has the potential energy of elastic deformation 


AW, =F AV ae &)*av 
(e = 0€/dz is the relative elongation of the cylinder, Æ is Young’s 


modulus of the medium). Let us use Eq. (14.36) to substitute 
pv? for Young's modulus (p is the density of the medium, and v is 
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the phase velocity of the wave). Hence, the expression for the poten- 
tial energy of the volume AV acquires the form 


AW, = (2)? av (14.39) 
The sum of Eqs. (44.38) and (14.39) gives the total energy 
AW = AW, FAW =| ( 3) He (3) ]Av (14.40) 


Dividing this energy by the volume AY in which it is contained, we 
get the energy density 


waz ol (He) +7 (ze) ] (iat) 


Differentiation of Eq. (14.10) once with respect to ¢ and another 
time with respect to z yields 


= — Ao sin (ot—kz +2) 


ôE 
-pa TKA sin (ot—kr +g) 


Introducing these equations into Eq, (14.41) and taking into account 
that kv? = *, we get 


w = pA*g* sin? (wt — kr + a) (14.42) 


A similar expression for the energy density is obtained for a trans- 
verse wave, 

It can be seen from Eq. (14.42) that the energy density at each 
moment of time is different at different points of space. At the same 
point, the energy density varies with time as the square of the sine. 
The average value of sine square is one-half. Accordingly, the time- 
averaged value of the energy density at each point of a medium is 


(w) = + pA?a2 (14.43) 


The energy density given by Eq. (14.42) and its average value (Eq. 
(14.43)] are proportional to the density of the medium p, the square 
of the frequency œ, and the square of the wave amplitude A. Such 
a relation holds not only for an undamped plane wave, but also for 
other kinds of waves (a plane damped wave, a spherical wave, etc.). 

Thus, a medium in which a wave is propagating has an additional 
store of energy. The latter is supplied to the different points of the 
medium from the source of oscillations by the wave itself; conse- 
quently, a wave carries energy with it. The amount of energy carried 
by a wave through a surface in unit time is called the energy flux 
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through this surface. If the energy dW is carried through a given 

surface during the time dt, then the energy flux O is 
aw 

o=—- (14.44) 

The energy flux is a scalar quantity whose dimension equals that’ of 

energy divided by the dimension of time, i.e. coincides with the 

dimension of power. Accordingly, ® is measured in watts, erg/s, 

etc. 

The energy flux at different points of a medium can have a differ- 

ent intensity. To characterize the flow of energy at different points 

of space, a vector quantity called the density 

of the energy flux is introduced. It numerically 

v equals the energy flux through a unit area 

placed at the given point perpendicular to the 

direction in which the energy is being trans- 

ferred. The direction of the vector of the energy 

flux density coincides with that of energy 

Fig. 14.8 transfer. 

Assume that the energy AW is transferred 

during the time At through the area AS, perpendicular to the direction 

of propagation of a wave. The energy iux density will therefore be 


A® AW 

I=, sas at (14.45) 
[see Eq. (14.44)]. The energy AW confined in a cylinder with the base 
AS, and the altitude v At (v is the phase velocity of the wave) will 
be transferred through the area AS, (Fig. 14.8) during the time At. 
If the dimensions of the cylinder are sufficiently small (as a result 
of the smallness of AS, and At) to consider that the energy density 
at all points of the cylinder is the same, then AW can be found as 
the product of the energy density w and the volume of the cylinder 
equal to AS,v At: 


AW = wAS våt 


Using this expression in Eq. (14.45), we get the following equation 
for the density of the energy: 
j=w (14.46) 


Finally, introducing the vector v whose magnitude equals the phase 
velocity of the wave and whose direction coincides with that of 
wave propagation (and energy transfer), we can write 


We have obtained an expression for the vector of the energy flux 


density. This vector was first introduced by the outstanding Russian 
physicist Nikolai Umov (1846-1915) and is called Umov’s vector. 
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The vector given by Eq. (14.47), like the energy density w, is differ- 
ent at different points of space. At a given point, it varies in time 
according to a sine square law. Its average value is 


=v = + pAtary (14.48) 


[see Eq. (14,43)]. Equation (14.48), like Eq. (14.43), holds for a 
wave of any kind (spherical, damped, etc.). 

We shall note that when we speak of the inten- 
sity of a wave at a given point, we have in mind 
the time-averaged value of the density of the 
energy flux transferred by, the wave. 

Knowing j for all the, points of an arbitrary 
surface S, we can calculate the energy flux through 
this surface. For this purpose, let us divide the 
surface into elementary areas dS. During the time Fig. 14.9 
dt, the energy dW confined in the oblique cylin- bios 
der shown in Fig. 14.9 will pass through area 
dS. The volume of this cylinder is dV = v dt dS cos g. It contains 
the energy dW =wdV = wdtdS cos @ (here w is the instan- 
taneous value of the energy density where area dS is). Taking into 
account that 


uv dS cos ọ = j dS cos ọ = j dS 


(dS =n dS; see Fig. 14.9), we can write: dW = j dS dt. Hence, 
we obtain the following equation for the energy flux d® through 
area dS: 


dv= jas (14.49) 


[compare with Eq. (4.72)]. The total energy flux through a surface 
equals the sum of the elementary fluxes given by Eq. (14.49): 


= J jas (44,50) 


We can say in accordance with Eq. (1.74) that the energy flux equals 
the flux of the vector j through surface S. € 

Substituting for the vector j in Eq. (14.50) its time-averaged 
value, we get the average value of ®: 


ore (i) dS (14.54) 


Let us calculate the mean value of the energy flux through an 
arbitrary wave surface of an undamped spherical wave. At each 
point of this surface, the vectors j and dS coincide in direction. In 


19—7796 
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addition, the magnitude of the vector j for all points of the surface 
is identical. Hence, 


(®) =) (i) dS =(j) S = (j) dur? 


(r is the radius of the wave surface). According to Eq. (14.48), we 
have (j) = + pA? ov. Thus, 
(D) = 2npw2A?r? 


(A, is the amplitude of the wave at a distance r from its source). 
Since the energy of the wave is not absorbed by the medium, the 
average energy flux through a sphere of any radius must have the 
same value, i.e. the condition 


Ar? = const 


must be observed. It follows that the amplitude A, of an undamped 
spherical wave is inversely proportional to the distance r from the 
wave source [see Eq. (14.12)]. Accordingly, the mean density of the 
energy flux (j) is inversely proportional to the square of the distance 
from the source. 

For a plane damped wave, the amplitude diminishes with the dis- 
tance according to the law A = A e¥* [see Eq. (14.11)]. The 
average density of the energy flux (i.e. the wave intensity) corre- 
spondingly diminishes according to the law 


I= joe (14.52) 


14.7. Standing Waves 


If several waves Propagate in a medium simultaneously, then 
the oscillations of the particles of the medium will be the geometri- 
cal sum of the oscillations which the particles would perform if each 
of the waves propagated separately. Hence, the waves are simply 
superposed onto one another without disturbing one another. This 
statement following from experiments is called the principle of 
Superposition of waves. 

When the oscillations due to Separate waves at each point of a me- 
dium have a constant phase difference, the waves are called coherent. 
(A stricter definition of coherence will be given in Sec. 17.2.) The 
summation of coherent waves gives rise to the phenomenon of in- 
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terference, consisting in that the oscillations at some points amplify, 
and at other points weaken one another. 

A very important case of interference is observed in the superpo- 
sition of two plane waves having the same amplitude and approach- 
ing each other from opposite directions. The resulting oscillatory 
process is called a standing wave. Standing waves are produced 
when waves are reflected from obstacles. The wave striking an ob- 
stacle and the reflected wave travelling toward it in the opposite 
direction as a result of superposition produce a standing wave. 

Let us write the equations of two plane waves propagating along 
the z-axis in opposite directions: 

b= Acos (wt—kz+a,) 
Ea = A cos (wt + kz +a) 


Adding these two equations and transforming the result according 
to the formula for the sum of cosines, we get 


E= Est E= 2A cos (ke + AF) cos (ot At) (14.53) 


Equation (14.53) is the equation of a standing wave. To simplify 
it, let us choose the beginning of reading z so that the difference 
Œ, — a, vanishes, and the beginning of reading ¢ so that the sum 
@, + a, vanishes. We shall also substitute for the wave number k 
its value 2n/A. Equation (14.53) now becomes 


fe (2Acos 2x =) cos wt (14.54) 


A glance at Eq. (14.54) shows that at every point of a standing 
wave the oscillations have the same frequency as those of the oppo- 
site waves, the amplitude depending on z: 


amplitude =| 24 cos 2x z 


At the points whose coordinates comply with the condition 
Qn == tne (n=0, 1,2, ~.) (14.55) 


the amplitude of the oscillations reaches its maximum value. These 
points are known as antinodes of the standing wave. We obtain the 
values of the antinode coordinates from Eq. (14.55): 


saumna (n=0, 4, 2, ...) (14.56) 

It must be borne in mind that an antinode is not a single point, but 

a plane whose points have the value of the coordinate z determined 
by Eq.. (14.56). 


19% 
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At the points whose coordinates comply with the condition 
4 
On Fb (n+5)x (n=0, 4, 2, ...) 
the amplitude of the oscillations vanishes. These points are called 


the nodes of the standing wave. The points of the medium at the 
nodes do not oscillate. The coordinates of the nodes have the values 


Toae = (m+ 3)% (w=0, 1,2...) 44.57) 


A node, like an antinode, is not a Single point, but a plane whose 
points have values of the coordinate z determined by Eq. (44.57). 


Fig. 44.40 


Examination of Eqs. (14.56) and (14.57) shows that the distance 
between adjacent antinodes, like that between adjacent nodes, is 
1/2. The antinodes and nodes are displaced relative to one another 
by a quarter of a wavelength. 


Let us revert to Eq. (14.54). The factor (24 cos 2x =) changes its 
Xv 


sign after passing through its zero value. Accordingly, the phase of 
the oscillations at different sides of a node differs by x. This signifies 
that points at different sides of a node oscillate in counterphase. All 
the points between two adjacent nodes oscillate in phase. Figure 14.10 
contains a number of “instantaneous photographs” of the deviations 
of the points from their equilibrium position. The first of them cor- 
responds to the moment when the deviations reach their greatest 
absolute value. The following “photographs” have been made at 
intervals of one-fourth of a period. The arrows show the velocities 
of the particles, 

Differentiating Eq. (14.54) once with Tespect to ¢ and once with 


respect to z, we find expressions for the velocity of the particles = 
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and the deformation of the medium e: 
= — 20A cos2n = sin ot (14.58) 
e= 2 = 2% Asin2n = cos ot (14.59) 


Equation (14.58) describes a standing wave of velocity, and Eq. 


(14.59) one of deformation. 

Figure 14.11 compares “instantaneous 
photographs” of the displacement, veloc- 
ity, and deformation for the time mo- 
ments 0 and 7/4. Inspection of the graphs 
shows that the nodes and antinodes of the 
velocity coincide with their displacement 
counterparts; the nodes and antinodes of 
the deformation, however, coincide with 
the antinodes and nodes of the displace- 
ment, respectively. When § and e reach 


their maximum values, — becomes equal 
to zero, and vice versa. Accordingly, the 
energy of a standing wave transforms 
twice during a period, once completely 
into potential energy mainly concentrat- 
ed near the nodes of the wave (where the 
deformation antinodes are), and once 
completely into kinetic energy mainly 
concentrated near the antinodes of the 
wave (where the antinodes of the veloc- 
ity are). The result is the transition of 


Node 
Antinode of € Node of & 
Fig. 14.41 


energy from each node to its adjacent antinodes and back. The 
time-averaged energy flux in any cross section of the wave is zero. 


14.8. Oscillations of a String 


When transverse oscillations are produced in a stretched string 
fastened at both ends, standing waves are set up in it, and there 
must be nodes at the places where the string is fastened. Hence, 
only such oscillations are produced with an appreciable intensity in 
a string when the length of the latter is an integer multiple of half 
their wavelength (Fig. 14.12). This gives the condition 


a 


tan or pee (= 1, 2,3 +++) (44.60) 


2 
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(l is the length of the string). The following frequencies correspond 
to the wavelengths given by Eq. (14.60): 


=a (n=1, 2,3, 5...) (14.64) 


(v is the phase velocity of the wave determined by the string tension 
and the mass per unit length, i.e. the linear 
density of the string). 

The frequencies v, are called the natural 
frequencies of a string. The natural frequen- 
cies are integral multiples of the frequency 


aff v 
= i or 
e y 


called the fundamental frequency. 
Fig. 14.12 Harmonic oscillations. with frequencies 
according to Eq. (14.64) are called natural 
or normal oscillations, They are also known as harmonics. In the 
general case, the oscillation of a string is a superposition of various 

harmonics. 

The oscillations of a string are remarkable in the respect that 
according to classica notions, we get discrete values of one of the 


14.9. Sound 


If elastic waves propagating in air have a frequency ranging from 
16 to 20 000 Hz, then upon reaching the human ear, they cause a 
sound to be perceived. Accordingly, elastic Waves in any medium 


trasounds. 


People distinguish sounds they hear by pitch, timbre (quality), 
and loudness, A definite physical characteristic of a sound wave 
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spectrum is known as a line one. Noises have a continuous acoustic 
spectrum. Oscillations with a line spectrum produce the sensation 
of a sound with a more or less definite pitch. Such a sound is called 
a tone sound, or simply a tone. 

The pitch of a tone is determined by its fundamental (lowest) 
frequency. The relative intensity of the overtones (i.e. of the oscilla- 
tions of the frequencies vz, v3, etc.) 
determines the timbre, or quality, 
of the sound. The different spectral 
composition of sounds produced by 
various musical instruments makes 
it possible to distinguish by ear, for 
example, a flute from a violin or a 
piano. 

By the intensity of a sound is 
meant the time-averaged value of 
the density of the energy flux car- 
ried by a sound wave. To be audi- 
ble, a wave must have a certain 
minimum intensity known as the 
threshold of hearing. This threshold 
differs somewhat for different per- 
sons and depends quite greatly on the frequency of the sound. The 
human ear is most sensitive to frequencies from 1000 to 4000 Hz. 
In this region of frequencies, the threshold of hearing averages about 
10-12 W/m?. At other frequencies, it is higher (see the bottom curve 
in Fig. 14.13). A 

At eetis of the order of 1 to 10 W/m?, a wave stops being 
perceived as a sound and produces only a feeling of pain and pressure 
in the ear. The value of the intensity at which this occurs is known 
as the threshold of pain (or the threshold of feeling). The pain threshold, 
like the hearing one, depends on the frequency (see the top curve n 
Fig. 14.13; the data given in this figure relate to the average norma 
hearing). 

The ere estimated loudness of a sound grows much mere 
slowly than the intensity of the sound waves. When the intensity 
grows in a geometric progression, the loudness grows approximata y 
in an arithmetical progression, i.e. linearly. On these grounds, the 
loudness level Z is determined as the logarithm of the ratio between 
the intensity of the given sound J and the intensity J, taken as the 
initial one: 


W/m? 


Threshold of pain 


L=log—- (14.62) 


0 
i i F he hear- 
The initial intensity I, is taken equal to 10-"* W/m? so that t 
ing threshold at T of the order of 1000 Hz is at the zero 
level (Z = 0). 
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The unit of loudness level Z determined by Eq. (14.62) is called 
the bell (B). Generally the decibel (dB), which is one-tenth of a bell, 
is preferred. The value of L in decibels is determined by the equation 


ti 10 log (44.63) 


The ratio of two intensities J, and I, can also be expressed in 
decibels: 


Ly. = 10 log oa (14.64) 


This equation can be used to express the reduction in the intensity 
(the damping) of a wave over a certain path in decibels. Thus, for 
example, a damping of 20 dB signifies that the intensity has 
dropped to one-hundredth of its initial value. 

The entire range of intensities at which a wave produces a feel- 
ing of sound in the human ear (from 10-1? to 10 W/m?) corresponds 
to values of the loudness level from 0 to 130 dB. Table 14.1 gives 
approximate values of the loudness level for selected sounds. 


Table 14.1 
ee Oe LAA AT ee SO de 
Sound Loudness level, dB 
a peer ee ee Se eee [me S Ue 
Ticking of a clock 20 
Whisper at a distance of 4m 30 
Quiet conversation 40 
Speech of a moderate. loudness 60 
Loud speech 70 
Shout 80 
Noise of an aircraft engine: 
at a distance of 5 m 420 
at a distance of 3 m 130 


SE Re DSO) HE g 


The energy which sound waves convey with them is extremely 
small. If we assume, for example, that a glass of water completely 
absorbs the entire energy of a sound wave with a loudness level of 
70 dB falling on it (in this case the amount of energy absorbed per sec- 
ond will be about 2 x 10-7 W), then to heat the water from room 
temperature to boiling about ten thousand years will be needed. 

Ultrasonic waves can be produced in the form of directed beams 
like beams of light. Directed ultrasonic beams have found a wide- 
spread application for locating objects and determining the distance 
to them in water, The first to put forward the idea of ultrasonic loca- 
tion was the outstanding French physicist Paul Langevin. He imple- 
mented this idea during the first world war for detecting submarines. 
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At present, ultrasonic locators are used for detecting icebergs, fish 
shoals, and the like. 

It is general knowledge that by shouting and determining the time 
that elapses until the echo arrives, i.e. the sound reflected by an 
obstacle—a mountain, forest, the surface of the water in a well, 
etc.—we can find the distance to the obstacle by multiplying half 
of this time by the speed of sound. This principle underlies the loca- 
tor (sonar) mentioned above, and also the ultrasonic echo sounder 
used to measure the depth and determine the relief of the sea bottom. 

Ultrasonic location permits bats to orient themselves very well 
when flying in the dark. A bat periodically emits pulses of an ultra- 
sonic frequency and according to the reflected signals received by 
its ears assesses the distances to surrounding objects with a high 
accuracy. 


14.40. The Velocity of Sound in Gases 


A sound wave in a gas is a sequence of alternating regions of com- 
pression and rarefaction of the gas propagating in space. Hence, the 
pressure at every point of space experiences a periodically changing 
deflection Ap from its average value 
p coinciding with the pressure exis- 
ting in the gas when waves are 
absent. Thus, the instantaneous 
value of the pressure at a point of 
space can be written in the form 


pP =p-+ Ap 


Assume that a wave is propagating 
along the z-axis. Let us.consider the 
volume of a gas in the form ofa 
cylinder with a base area of S and 
an altitude of Az (Fig. 14.14), as we 
did in Sec. 14.5 when finding the 
velocity of elastic waves in a solid 
medium. The mass of the gas con- 
fined in this volume is pS Az, where Fig. 44.44 
p is the density of the gas undis- j 


turbed by the wave. Owing to the 3 ‘ 
smallness of Az, the projection of the acceleration onto the z-axis 


for all the points of the cylinder may be considered the same and 


equal to 0?&/d¢?. 

"To find in projection onto the z-axis of the force exerted on the 
volume being considered, we must take the product of the cylinder 
base area S and the difference between the pressures in the cross 
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sections (x + È) and (z + Ar+E+ A$). Repeating the reasoning 
that led us to Eq. (14.34), we get 


= AOp 
F= — pr SAT 


[we remind our reader that when deriving Eq. (14.34) we took advan- 
tage of the assumption AE < Az]. 

Thus, we have found the mass of the separated volume of gas, 
its acceleration, and the force exerted on it. Now let us write the 
equation of Newton’s second law for this volume of gas: 


(eSAz) ZÈ — —£ SAs 
After cancelling S Az, we get 
a ae (14.65) 


The differential equation we have obtained contains two unknown 
functions, namely, § and p’. Let us express one of them through the 


ered as an adiabatic one. In an adiabatic process, the pressure and 
volume of a given mass of a gas are related by the equation 


pV’ = const (14.66) 


where y is the ratio between the heat capacities of the gas at con- 
stant penare and at constant volume [see Eq. (10.42) of Vol. I, 
p. 285 


‘In accordance with Eq. (14.66): 
P (SAT) =p’ [S (Az +AẸ) = | 

=' [s (42+ az) = (SAa)" (14-2) 
Cancelling (SAz)v yields 

pao (18 

Taking advantage of the assumption (d§/dz) << 1, let us expand 
the expression (1 + 0§/dz)’ into a series by powers of d§/dz and dis- 
regard the terms of the higher orders of smallness. The result is 


p=p' (4+) 
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Let us solve this equation with respect to p’: 


' P a 
P= Se SP (1 (14.67) 
1492 ( Ox ) 


[we have used the formula 1/(1 + z) œ 1 — 2 holding for z < 4). 
It is a simple matter to obtain an expression for Ap from the rela- 
tion we have found: 
' a 
Ap=p'—p= — yp (14.68) 
Since the order of magnitude of y is near unity, it follows from 
Eq. (14.68) that | 0&/dz | ~ | Ap/p |. Thus, the condition d&/an< 
<1 signifies that the deviation of the pressure from its average val- 
ue is much smaller than the pressure itself. This is indeed true: 
for the loudest sounds, the amplitude of oscillations of the air pres- 
sure does not exceed 1 mmHg, whereas the atmospheric pressure p 
has a value of the order of 10° mmHg. 
Differentiating Eq. (14.67) with respect to x, we find that 
op’ oF 
“ae YP Gat 
Finally, using this value of ép’/dx in Eq. (14.65), we get the differ- 
ential equation 
EE OTAS 
ox? yp at 
Comparing it with wave equation (14.29), we get the following ex- 
pression for the velocity of sound waves in a gas: 


sao Kai ye (14.69) 


(we remind our reader that p and p are the pressure and the density 
of the gas undisturbed by a wave). 

At atmospheric pressure and conventional temperatures, most gas- 
es are close in their properties to an ideal gas. Therefore, we can 
assume that the ratio p/p for them equals RT/M, where R is the 
molar gas constant, 7 is the absolute temperature, and M is the 
mass of a mole of a gas [see Eq. (10.22) of Vol. 1, p. 280]. Introducing 
this value into Eq. (14.69), we get the following equation for the 
velocity of sound in a gas: 


JET 
poy ee (14.70) 


Examination of this equation shows that the velocity of sound is 
proportional to the square root of the temperature and does not de- 
pend on the pressure. 
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The average velocity of thermal motion of gas molecules is deter- 


mined by the formula 
(moi) = es 


[see Eq. (14.70) of Vol. I, p. 323]. A comparison of this equation 
with Eq. (14.70) shows that the velocity of sound in a gas is related 
to the average velocity of thermal motion of its molecules by the 
expression 


v= (no) VE (14.71) 


Substitution for y of its value for air equal to 1.4 yields the expres- 
sion v % $ (moi). The maximum possible value of y is 5/3. In this 


case, v z4 (moi). Thus, the velocity of sound in a gas is of the 


same order of magnitude as the average velocity of thermal motion 
of the molecules, but is always somewhat lower than moi) 

Let us calculate the value of the velocity of sound in air at a tem- 
perature of 290 K (room temperature). For air, we have y = 1.40, 
and M = 29 x 10 kg/mol. The molar gas constant is R = 
= 8.31 IJ/(mol-K). Introducing these values into Eq. (14.70), we get 


RT 1.40 x 8.34 x 200 
=V HV  - 0 mis 


The value of the sound velocity in air which we have found agrees 
quite well with the value found experimentally. 

Let us find the relation between the intensity of a sound wave J 
and the amplitude of the pressure oscillations (Ap)m. We mentioned 
in Sec. 14.9 that by the intensity of sound is meant the average 
value of the density of the energy flux. Hence, 


T=+ pAto (14.72) 


[see Eq. (14.48)]. Here p is the density of the undisturbed gas, A is 
the amplitude of oscillations of the particles of the medium, i.e. 
the amplitude of the oscillations of the displacement £, w is the 
frequency, and v the phase velocity of the wave. We must note that 
in the given case the particles of the medium are understood to be 
macroscopic (i.e. including a great number of molecules) volumes, 
and not molecules; the linear dimensions of these volumes are much 
smaller than the wavelength. 
Assume that — changes according to the law Ẹ = A cos (ot — 
— kr + a). Hence 
Ž = Aksin (wt—ka+a)=A~ sin (wt —ka+a) 
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Introducing this value into Eq. (14.68), we obtain 


Ap= —ypA-—sin (ot— kz +a) = —(Ap)msin (0t —hz + a) 
whence 
__ (AP)mv* 
A= Pape? (14.73) 
Using this expression in Eq. (14.72), we get 
— A (Aau oa, L (AP (2)? 
1= 39 er ow = ie (E) ot 
Taking into account that vt = (yR7/M)*, and (p/p)? = (RT/M)* 
[see Eq. (14.70) and the text preceding it], we can write that 
— (Apa 
T= “Spat (14.74) 
We can use this equation to calculate the approximate values of the 
amplitude of air pressure oscillations corresponding to the range of 
loudness levels from 0 to 130 dB. These values range from 3 x 107° Pa 
(i.e. 2 x 10-7 mmHg) to 100 Pa (about 1 mmHg). 
Let us assess the amplitude of oscillations of the particles A and 


that of the velocity of the particles (E)m: We shall begin with an as- 
sessment of the quantity A determined by Eq. (10.73). Taking 
into account that’v/a = A/2n, we get the expression 


Aa S ety GAP) ro sa (AP) 
eae oy EN TIRUS R TAE (14.75) 


(y x 1.5, consequently, 27y ~ 10). At a loudness of 130 dB, the 
ratio (Ap)m/p has a value of the order of 10-*, while at a loudness of 
60 dB this ratio is about 2 X 1077. The lengths of sound waves in air 
range from 24 m (at v = 16 Hz) to 17 mm (at v = 20 000. Hz). 
Inserting these values into Eq. (14.75), we find that at a loudness 
of 60 dB the amplitude of oscillations of the particles is about 
4 x 10-4 mm for the longest waves and about 3 X 10-7 mm for 
the shortest ones. At a loudness of 130 dB, the amplitude of oscilla- 
tions for the longest waves is about 2 mm. 


For harmonic oscillations, the amplitude of the velocity (8m 
equals that of the displacement A multiplied by the cyclic frequency 


o: (E)m = Ao. Multiplying Eq. (14.75) by w, we get 


Èm i (AP)m „y (4P)m (14.76) 
v Y P P 


Consequently, at a loudness of 130 dB, ‘the amplitude of the veloci- 
ty is about 340 m/s x 10- = 0.34 m/s. At a loudness of 60 dB, the 
amplitude of the velocity will be of the order of 0.1 mm/s. We must 
note that unlike the displacement amplitude, the velocity amplitude 
does not depend on the wavelength. 
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14.14. The Doppler Effect for Sound Waves 


Assume that a device sensing the oscillations of the medium, which 
we shall call a receiver, is placed in a fluid at a certain distance from 
the wave source. If the source and the receiver of the waves are sta- 
tionary relative to the medium in which the wave is propagating, 
then the frequency of the oscillations picked up by the receiver will 
equal the frequency vp of the oscillations of the source. If the source 
or the receiver or both are moving relative to the medium, then the 
frequency v picked up by the receiver may differ from vo. This phe- 


v 


Is Yo oscillations 


Fig. 44.45 


nomenon is called the Doppler effect. [It is named after the Austrian 
scientist Christian Doppler (1803-1853) who described the effect for 
light waves. ] 

Let us assume that the source’ and the receiver move along the 
straight line joining them. We shall assume the velocity of the source 
vs to be positive if it moves toward the receiver and negative if it 
moves away from the receiver. Similarly, we shall assume the veloc- 
ity of the receiver vr to be positive if the latter moves toward the 
source and negative if it moves away from the source. 

If the source is stationary and oscillates with the frequency v9, 
then by the moment when the source will complete its v,-th oscilla- 
tion, the “crest” of the wave produced by the first oscillation will 
travel the path v in the medium (v is the velocity of propagation of 
the wave relative to the medium). Hence, the vo “crests” and “troughs” 
of the wave produced by the source in one second will cover 
the length v. If the source is moving relative to the medium with 
the velocity vs, then at the moment when the source completes its 
vo-th oscillation, the crest produced by the first oscillation will be 
at a distance of v — vs from the source (Fig. 14.15). Hence, the 
length v — v, will contain v, crests and troughs of a wave, so that 
the wavelength will be 


Laa (14.77) 
vo 


The stationary receiver will be passed in one second by the crests 
and troughs accommodated on the length v. If the receiver is moving 
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with the velocity v+, then at the end of a time interval of one second 
it will pick up the trough which at the beginning of this interval was 
at a distance numerically equal to v from its present position. Thus, 
in one second, the receiver will pick up the oscillations corresponding 
to the crests and troughs accommodated on a length numerically 
equal to v + v, (Fig. 14.16) and will oscillate with the frequency 


_ vor 
RINAT: 


Substituting for A its value from Eq. (14.77), we get 
a ae-bee. (14.78) 


U—Ug 
It follows from Eq. (14.78) that upon such motion of the source 
and the receiver when the distance between them diminishes, the 


fe oe ee 
CREAT AIRNE SYE. T NEN EEA 


y oscillations 
Fig. 14.16 


frequency v picked up by the receiver will be greater than that of 
the source vo. If the distance between the source and the receiver 
increases, v will be less than vo. 

If the directions of the velocities vs and vr do not coincide with 
the straight line passing through the source and the receiver, then 
the projections of the vectors vs and vr onto the direction of this 
straight line must be substituted for vs and vr in Eq. (14.78). 

Inspection of Eq. (14.78) shows that the Doppler effect for sound 
waves is determined by the velocities of the source and the receiver 
relative to the medium in which the sound propagates. The Doppler 
effect is also observed for light waves, but the equation for the change 
in the frequency differs from Eq. (14.78). This is due to the fact that 
no material medium exists for light waves whose oscillations would 
be “light”. Therefore, the velocities of the source and the receiver of 
light relative to the “medium” are deprived of a meaning. For light, 
we can speak only of the relative velocity of the receiver and the 
source. The Doppler effect for light waves depends on the magnitude 
and direction of this velocity. This effect will be considered for 
light waves in Sec. 21.4. 


CHAPTER 15. ELECTROMAGNETIC 
WAVES 


15.1. The Wave Equation for 
an Electromagnetic Field 


We established in Chapter 9 that a varying electric field sets up a 
magnetic one which, generally speaking, is also varying. This va- 
rying magnetic field sets up an electric field, and so on. Thus, if we 
use oscillating charges to produce a varying (alternating) electro- 
magnetic field, then in the space surrounding the charges a sequence 
of mutual transformations of an electric and a magnetic field pro- 
pagating from point to point will appear. This process will be peri- 
odic in both time and space and, consequently, will be a wave. 

We shall show that the existence of electromagnetic waves follows 
from Maxwell’s equations. For a homogeneous, neutral (p = 0), 
non-conducting (j = 0) medium with a constant permittivity e and 
a constant permeability u, we have 


6B oH ôD ôE 
a Bo Ges ar 880 -ar 


VB=pyoVH, VD=ee,VE 


Consequently, Eqs. (9.5), (7.3), (9.13), and (2.23) can be written as 
follows: 


IVE] = — pp, 2 (15.4) 
VH=0 (15.2) 
[VH] = ee © (15.3) 
VE=0 (45.4) 
Let us take a curl of both sides of Eq. (15.4): 
[V, [VE] =—upo[v, 4] (15.5) 


The symbol V denotes differentiation by coordinates, A change in 
the sequence of differentiation with Tespect to the coordinates and 
time leads to the equation 


[v #]=21vm 


Making such a substitution in Eq. (15.5) and introducing the value 
given by Eq. (15.3) for the curl of H into the equation obtained, we 
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have 
ÜV, [VEJ] = — econo Se (15.6) 


According to Eq. (4.107), [V, [VE]] = V (VE) — AE. Because of 
Eq. (15.4), the first term of this expression is zero. Consequently, 
the left-hand side of Eq. (15.6) is —AE. Thus, omitting the minus 
signs at both sides of the equation, we obtain 
GE 


AE = 22o po ae 


According to Eq. (6.15), we have eo) = 1/c?. The equation can 
therefore be written in the form 


_ 8 E 
MN ar eT (45.7) 
Expanding the Laplacian operator, we get 
PE PE , PE _ ep @E 
Be tae oa E (45:8) 


Taking a curl of both sides of Eq. (15.8) and performing similar 

transformations, we arrive at the equation 

H , PH PH ep H 

a tay toe oF (55:9) 
Equations (15.8) and (15.9) are inseparably related to each other 
because they have been obtained from Eqs. (15.1) and (15.3) each 
of which contains both E and H. 

Equations (45.8) and (15.9) are typical wave equations [see Eq. 
(14,24)]. Any function satisfying such an equation describes a wave. 
The square root of the quantity that is the reciprocal of the coeffi- 
cient of the time derivative gives the phase velocity of this wave. 
Hence, Eqs. (45.8) and (45.9) point to the fact that electromagnetic 
fields can exist in the form of electromagnetic waves whose phase 
velocity is 

c 
v= (15.10) 
Ven 
In a vacuum (i.e. when e = u = 1), the velocity of electromagnetic 
waves coincides with that of light in free space c. 


15.2. Plane Electromagnetic Wave 
Let us investigate a plane electromagnetic wave propagating in a 


neutral non-conducting medium with a constant permittivity £ and 
permeability p (p = 0, į = 0, e = const, p = const). We shall di- 


20—7796 © 
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rect the z-axis at right angles to the wave surfaces. Hence E and H, 
and, consequently, their components along the coordinate axes will 
not depend on the coordinates y and z. For this reason, Eqs. (9.15)- 
(9.18) can be simplified as follows: 


oH 
0= po | 


ðE, ôH 


=e a l (15.41) 
ôE, ôH, | 
az T Ho- 
ôB. ôH. 
E = yp “HE — 0 (15.12) 
e OR 
0=28 oF | 
ôH ôE, 
E YY (45.13) 
ay ðE 
Oz 20 a 
aD. ôE. 
Fr = Eeo 7 =0 (15.14) 


Equation (15.14) and the first of Eqs. (15.13) show that E, can 
depend neither on z nor on t. Equation (15.12) and the first of Eqs. 
(15.11) give the same result for H+. Hence, Ey and H, differing from 
zero can be due only to constant homogeneous fields superposed onto 
the electromagnetic field of a wave. The wave field itself cannot 
have components along the z-axis. It thus follows that the vectors 
E and H are perpendicular to the direction of propagation of the 
wave, i.e, that electromagnetic waves are transverse. We shall as- 
ap i thè oe that the constant fields are absent and that 

(petite t Iie 

The last two equations (15.11) and the last two equations (45.13) 
can be combined into two independent groups 


az, aH, ôH, aEy 
“Ge R ge = POG Gee 
aE, aHy aHy aE 

aa rat =e eet Te (15.16) 


The first group of equations relates the components Æ, and H,, 
and the second group, the components £, and H y: Assume that there 
was initially set up a varying electric field E, directed along the 
y-axis. According to the second of Eqs. (15.15), this field produces 
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the magnetic field H, directed along the z-axis. In accordance with 
the first of Eqs. (45.15), the field H, produces the electric field E; 
and so on. Neither the field Æ, nor the field H, is produced. Simi- 
larly, if the field E, was produced initially, then according to Eqs. 
(45.16) the field H, will appear that will set up the field E,, etc. 
In this case, the fields E, and H, are not produced. Thus, to describe 
a plane electromagnetic wave, it is sufficient to take one of the sys- 
tems of equations (15.15) or (15.16) and to assume that the com- 


ons from the second equation, we get a wave equation for E,: 


@E, OE 
ae ae (15.17) 


(we have substituted 1/c? for eo). Differentiating the second of 
Eqs. (15.15) with respect to z, we find a wave equation for H, after 
similar transformations: 


er S (15.18) 


The equations obtained are a particular case of Eqs. (15.8) and 
(15.9). 


We remind our reader that E, = E, = 0 and H, = H, = 0, so 
that Ey = E and H, = H. We have retained the subscripts y and z 
of E and H to stress the circumstance that the vectors E and H 
are directed along mutually perpendicular axes y and z. 

The simplest solution of Eq. (45.17) is the function 


E; = Em cos (wt — kz + a) (15.19) 
The solution of Eq. (15.18) is similar: 
H, = Hp cos (wt — kx + a) (45.20) 


In these equations, w is the frequency of the wave, k is the wave 
number equal to w/v, and a and a, are the initial phases of the oscil- 
lations at points with the coordinate z = 0. 

Introducing functions (15.19) and (15.20) into Eqs. (15.15), we get 


kEm sin (ot — kar + a) = poo m sin (wt — ka + az) 
kHm sin (ot — kt + a) = e€02 m Sin (wt — kx + a) 


For these equations to be satisfied, equality of the initial phases a, 
and a, is needed. In addition, the following relations must be ob- 


20* 
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served 
KE n= ppooHm 
e202 m=kHy 
Multiplying these two equations, we find that 
eon = ppo Hti (45.21) 


Thus, the oscillations of the electric and magnetic vectors in an elec- 
tromagnetic wave occur with the same phase (a, = a), while the 
amplitudes of these vectors are related by the expression 


Em V te= Hm V tito (15.22) 
For a wave propagating in a vacuum, we have 


f Th 
esy -yi X107 x4 x9 x10 = 


=V (0)? x 900 = 1207 ~ 377 (45.23) 
In the Gaussian system of units, Eq. (15.22) becomes 
Em Ve=HmV p (45.24) 


Consequently, for a vacuum, we have Em = H m (Em is measured in 
cgse units, and :Hm in cgsm ones): 

Multiplying Eq. (15.19) by the unit 
vector e, of the y-axis (Eye, = E), 
and Eq. (19.20) by the unit vector 
e, of the z-axis (H,e, = H), we get 
equations for a plane electromagnetic 
wave in the vector form 


E=En cos (wt— kz) 
H= Ha cos (wi— kz) 


(we have assumed that a, =a,=0). 

Figure 15.4 shows an “instantaneous photograph” of a plane elec- 
tromagnetic wave. A glance at the figure shows that the vectors E 
and H form a right-handed system with the direction of propagation 
of the wave. At a fixed point of space, the vectors E and H vary with 
time according to a harmonic law. They simultaneously grow from 
zero, and next reach their maximum value in one-fourth of a period; 
if E is directed upward, then His directed to the right (we look along 
the direction of propagation of the wave). In another one-fourth of a 
period, both vectors simultaneously vanish. Next they again reach 
their maximum value, but this time E is directed downward, and H 
to the left. And, finally, upon completion of a period of oscillation, 


(45.25) 


Fig. 15.4 
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the vectors again vanish. Such changes in the vectors E and H occur 
at all points of space, but with a’shift in phase determined by the 
distance between the points measured along the z-axis. 


15.3. Experimental Investigation of 
Electromagnetic Waves 


The first experiments with non-optical electromagnetic waves 
were conducted in 1888 by the German physicist Heinrich Hertz 
(1857-1894). Hertz produced waves with the aid of a vibrator which 
he had invented. The vibrator consisted of two 
rods separated by a spark gap. When a high volt- 
age was fed to the vibrator from an induction coil, 
aspark jumped through the gap. It shorted the 
latter, and damped electrical oscillations were set 
up in the vibrator (Fig. 15.2; the chokes shown 
in the figure were intended to prevent the high- 
frequency current from branching off into the 
inductor winding). During the time the spark 
burned, a great number of oscillations were com- Fie. 15.2 
pleted. They produced a train of electromagnetic Bott 
waves whose length was approximately twice that 
of the vibrator. By placing vibrators of various length at the focus 
of a concave parabolic mirror, Hertz obtained directed plane waves 
whose length ranged from 0.6 to 10 metres. 

Hertz also studied the emitted wave with the aid of a half-wave 
vibrator having a small spark gap at its middle. When such a vibrator 
was placed parallel to. the electric field strength vector of the wave, 
oscillations of the current and voltage were produced in it. Since 
the length of the;vibrator was equal to 4/2, the oscillations in it 
owing to resonance reached such an intensity that they caused small 
sparks to jump across the spark gap. p i 

Hertz reflected and refracted electromagnetic waves with the aid 
of large metal mirrors and an asphalt prism (over 1 m in size and 
with a mass of 1200 kg). He discovered that both these phenomena 
obey the laws established in optics for light waves. By reflecting a 
running plane wave with the aid of a metal mirror to the opposite 
direction, Hertz obtained a standing wave. The distance between 
the nodes and antinodes of the wave made it possible to find its 
length A; By multiplying ^ by the frequency of oscillations v of the 
vibrator, the velocity of the electromagnetic waves was determined, 
and it was found to be close to c. By placing a grate of parallel copper 
wires in the path of waves, Hertz discovered that the intensity of the 
waves passing through the grate changes very greatly when the grate 
isrotated about the beam. When the wires forming the grate were per- 


Inductor 
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pendicular to the vector E, the wave passed through the grate with- 
out any hindrance. When the wires were arranged parallel to E, 
the wave did not pass through the grate. Thus, the transverse nature 
of electromagnetic waves was proved. 

Hertz’s experiments were continued by the Russian physicist 
Pyotr Lebedev (1866-1912), who in 1894 obtained electromagnetic 
waves 6 mm long and studied how they travel in crystals. He de- 
tected double refraction of the waves (see Sec. 19.3). 

In 1896, the Russian inventor Aleksandr Popov (1859-1905) for 
the first time in history transmitted a message over a distance of 
about 250 metres with the aid of electromagnetic waves (the words 
“Heinrich Hertz” were transmitted). This laid the foundation of radio 
engineering. 


15.4. Energy of Electromagnetic Waves 


Electromagnetic waves transfer energy. According to Eq. (14.46), 
the density of the energy flux can be obtained by multiplying the 
energy density by the wave velocity. 

The density of the energy of an electromagnetic field w. consists 
of the density of the energy of the electric field [determined by 
Eq. (4.10)] and that of the energy of the magnetic field [determined 
by Eq. (8.40)}: 

W= Wy + wy = E y Whol? (15.26) 
The vectors E and H at a given point of space vary in the same phase*. 
Therefore, Eq. (15.22) giving the relation between the amplitude 
values of Æ and H also holds for their instantaneous values. It thus 
follows that the densities of the energy of the electric and magnetic 
fields of a wave are identical at each moment of time: Wg = wy. 
We can therefore write that 


w= 2w pg = ee)? (15.27) 
Taking advantage of the fact that EY ee, = HV Buo, we can 
write Eq. (15.27) in the form 
w= V eeoppo EH =ŻEH 


where v is the velocity of an electromagnetic wave [see Eq. (15.10)]. 
Multiplying the expression found for w. by the wave velocity v, 
we get the magnitude of the energy flux density vector 


S = w = EH (45.28) 


* This holds only for a non-conducting medium. The phases of E and H 
do not coincide in a conducting medium. 
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The vectors E and H are mutually perpendicular and form a right- 
handed system with the direction of propagation of the wave. For 
this reason, the direction of the vector [EH] coincides with that of 
energy transfer, and the magnitude of this vector is EH. Hence, the 
vector of the density of the electromagnetic energy flux can be writ- 
ten as the vector product of E and H: 


S = [EH] (15.29) 


The vector S is known as the Poynting vector. 

By analogy with Eq. (14.50), the flux ® of 
electromagnetic energy through surface A, can 
be found by integration: 


o= f S dA, (15.30) 


Ag 


{in Eq. (44.50) the surface area was designat- 
ed by the symbol S; since this symbol is used to 
designate the Poynting vector, we were forced 
to pesca the symbol A, for the surface 
area]. 

Let us considera portion of a homogeneous Fig. 15.3 
cylindrical conductor through which a steady 
current is flowing (Fig. 15.3) as an example of applying Eqs. (15.29) 
and (15.30). We shall first consider that extraneous forces are absent 
on this portion of the conductor. Hence, according to Eq. (5.22), the 
following relation is observed at each point of the conductor: 


1 
j=0E=7E 


The steady current is distributed over the cross section of the 
conductor with an identical density j. Hence, the electric field within 
the limits of the portion of the conductor shown in Fig. 15.3 will 
be homogeneous. Let us mentally separate a cylindrical volume: of 
radius r and length Z inside the conductor. At each point on the side 
surface of this cylinder, the vector H is perpendicular to the vector 
E and is directed tangentially to the surface. The magnitude of H 
is ; jr [according to Eq. (7.10), we have QnrH = jnr*). Thus, the 


Poynting vector given by Eq. (15.29) is directed toward the axis of 
the conductor at each point on the surface and has the magnitude 


S = EH = SBjr. Multiplying S by the side surface area of the 


cylinder A, equal to 2nrl, we find that the following flux of electro- 
magnetic energy enters the volume we are considering: 


= SA,=4 Ejr-2nrl= Ejn = Ej- V (45.31) 


where V is the volume of the cylinder. 
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According to Eq. (6.4), Ej = pj? is the amount of heat liberated 
in unit time per unit volume of the conductor. Consequently, Eq. 
(15.31) indicates that. the energy liberated in the form of Lenz- 
Joule heat is supplied to the conductor through its side surface in 
the form of energy of an electromagnetic field. The energy flux gra- 
dually weakens with deeper penetration into the conductor (both 
the Poynting vector and the surface through which the flux passes 
diminish) as a result of absorption of energy and its conversion into 
heat. 

Now let us assume that extraneous forces whose field is homoge- 
neous are exerted within the limits of the portion of the conductor 
we are considering (E*=const). In this case according to Eq. (5.25), 
at each point of the conductor we have 

i=0(E+E*)=— (E+E*) 

whence 

E = pj — E* (15,32) 
We shall consider that the extraneous forces on the portion of the 
circuit being considered do not hamper the flow of the current, but 
facilitate it. This signifies that the direction of E* coincides with 
that of j. Let us assume that the relation pj = E* is observed, Hence, 
according to Eq. (15.32), the electrostatic field strength E at each 
point vanishes, and there is no flux of electromagnetic energy through 
the side surface. In this case, heat is liberated at the expense of the 
work of the extraneous forces. 

If the relation E* > pj holds, then, as can be seen from Eq. (15.32), 
the vector E will be directed oppositely to the vector j. In this case, 
the vectors E and S will have directions opposite to those shown in 
Fig. 15.3. Hence, instead of flowing in, electromagnetic energy 
flows out through the side surface of the conductor into the space 
surrounding it. 


flux of electromagnetic energy characterized by the vector S. 


15.5. Momentum of Electromagnetic Field 


An electromagnetic wave absorbed in a body imparts a momentum 
to the body, i.e. exerts a pressure on it. This can be shown by the 
following example. Assume that a plane wave impinges normally 
onto a flat surface of a weakly conducting body with e and p equal 
to unity (Fig. 15.4). The electric field of the wave produces a current 
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of density į = JE in the body. The magnetic field of the wave will 
act on the current with a force whose value per unit volume of the 
body can be found by Eq. (6.43): 


Fu.v = [jB] = po [JH] 
The direction of this force, as can be seen from Fig. 15.4, coincides 


with the direction of propagation of the wave. 
The momentum 


dK =Fyydl=pojH dl (15.33) 


is imparted to a surface layer having a unit 
area and a thickness of dl in unit time (the vec- 
tors j and H are mutually perpendicular). The 
energy absorbed in this layer in unit time is 


dW = jE dl (15.54) 


It is liberated in the form of heat. Fig. 15.4 
The momentum given by Eq. (45.33) and the 
energy [Eq. (45.34)] are imparted to the layer by the wave. Let us 
take their ratio, omitting the symbol d as superfluous: 
giint FE 
wahFE 
Taking into account that poH? = eH, we get 
prera 4 
+ = y Foo = T 


It thus follows that an electromagnetic wave carrying the energy W 


has the momentum 
-1w (45.35) 


The same relation between the energy and the momentum holds for 
particles with a zero rest mass [see Eq. (8.57) of Vol. I, p. 247). 
This is not surprising because according to quantum notions, an 
electromagnetic wave is equivalent to a flux of photons, i.e. particles 
whose mass (we have in mind their rest mass) is zero. 

Examination of Eq. (15.35) shows that the density of the momen- 
tum (i.e. the momentum of unit volume) of an electromagnetic field is 


eve 4 w (45.36) 


The energy density is related to the magnitude of the Poynting vec- 
tor by the expression S = we. Substituting Sle for w in Eq. (15.36) 
and taking into account that the directions of the vectors K and S 
coincide, we can write that 


Kuy=-8 = (EH) (45.37) 
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We shall note that when energy of any kind is transferred, the 
density of the energy flux equals the density of the momentum mul- 
tiplied by c*. Let us consider, for example, a collection of particles 
distributed in space with the density n and flying with a velocity v 
identical in magnitude and direction. In this case, the density of 
the momentum 


Kuyven Toa (15.38) 


The particles carry along energy whose density flux jw equals the 
density of the particle flux multiplied by the energy of one particle; 


me 
lwo aa (15.39) 
It follows from Eqs. (15.38) and (15.39) that 
Ku = iw (15.40) 


p = (w) (15.41) 


For an ideally reflecting surface; the pressure will be double this 
value, 


For example, at a distance of 4 m from a source of ight having an 
intensity of a million candelas, the Pressure is only about 10-7 Pa 


tiveness and skill, Lebedev measured the pressure of light on solids 


15.6. Dipole Emission 


An oscillating electric dipole is the simplest system emitting 
electromagnetic waves. An example of such a dipole is the system 
formed by a fixed point charge +g and a point dhitres —q oscillat- 
ing near it (Fig. 15.5). The dipole electric moment of this system 
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varies in time according to thè law 
p = —qr = —gle cos wt = Pm cos wt (15.42) 


where r = position vector of the charge —g 
l = amplitude of oscillations 
e = unit vector directed along the dipole axis 


Pm = — gle. 
Acquaintance with such an emitting system is especially impor- 
tant in connection with the fact that many questions of the inter- 


rane 
6 
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Fig. 15.5 Pig. 15.6 


action of radiation with a substance can be explained classically pro- 
ceeding from the notion of atoms as of systems of charges contain- 
ing electrons that are capable of performing harmonic oscillations 
about their equilibrium tion. 

Let us consider the radiation of a dipole whose dimensions are 
mmal in feet cat the wavelength W <)). ani finale d n 
called e ý pattern o! electromagnetic field in 
pase rs dipole is very complicated. It becomes simplified 
re greatly in the so-called wave zone of the dipole that begins at 

istances r considerably exceeding the wavelength (rẹ à). If a 
wave is propagating in a hornagengons isotropic medium, then its 
wavefront in the wave zone will be spherical to 15.6). The vectors 
E and H at each point are mutually perpendicular and are perpen- 
dicular to the ray, i.e, to the tion vector drawn to the given point 
from the centre of the dipole. 

Let us call sections of the wavefront by planes passing through the 
dipole axis meridians, and by planes perpendicular to the dipole axis 
parallels, We can now say that the vector E at each point of a wavo 
zone is directed along a ta t to the meridian, and the vector H 
along a tangent to the parallel. If we look along the ray r, then the 
instantaneous pattern of the wave will be the same as shown in 
Fig. 15.5, the only difference being that the amplitude in motion 
along the ray gradually diminishes. 
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At each point, the vectors E and H oscillate according to the law 
cos (wt — kr). The amplitudes Em and Hm -depend on the distance r 
to the emitter and on the angle O between the direction of the posi- 
tion vector r and the dipole axis (see Fig. 15.6). This dependence has 
the following form for a vacuum: 


Em œ Hm x + sin 8 


The average value of the density of the energy flux.) is propor- 
tional fo the product EmHm, consequently, 


(S) oc -$ sin? 0 (15.43) 


A glance at this expression shows. that the wave intensity changes 
along the ray (at 0 = const) in inverse proportion to the square of 
the distance from the emitter. In addition, it depends on the angle 


Fig. 45.7 


8. The emission of a dipole is the greatest in directions at right 
angles to its axis (9 = x/2). There is no emission in the directions 
coinciding with the axis (9 = 0 and x). How the intensity depends 
on the angle @ is shown very illustratively with the aid of a dipole 
directional diagram (Fig. 15.7). This diagram is constructed so that 
the length of the segment it intercepts on a ray conducted from the 
centre of the dipole gives the intensity of emission at the angle 0. 

The corresponding calculations show that the radiant power P 
of a dipole (i.e. the energy emitted in all directions in unit time) is 
proportional to the square of the second time derivative of the di- 
pole moment: 


Pop (45.44) 


According to Eq. (15.42), p? = phot cos? wt. Introduction of this 
value into expression (15.44) yields 


P œ pho‘ cos? wt (15.45) 
Time averaging of this expression gives 
(P) œ pinot (15.46) 
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Thus, the average radiant power of a dipole is proportional to the 
square of the amplitude of the electric dipole moment and to the 
fourth power of the frequency. Therefore, at a low frequency, the 
emission of electrical systems (for instance, industrial frequency 
alternating current transmission lines) is insignificant. 


According to Eq. (15.42), we have pipe —gr = —ga, where a 
is the acceleration of an oscillating charge. Substitution of this 


expression for P in expression (15.44) yields* 
Pocq*a? (15.47) 


Expression (15.47) determines the radiant power not only for oscil- 
lations, but also for arbitrary motion of a charge. A charge travel- 
ling with acceleration produces electromagnetic waves, and the ra- 
diated power is proportional to the square of the charge and the 
square of the acceleration. For example, the electrons accelerated in 
a betatron (see Sec. 10.5) lose energy as a result of radiation mainly 
due to centripetal acceleration a, =v*/r. According to expression 
(15.47), the amount of energy lost grows greatly with an increasing 
velocity of the electrons in the betatron (in proportion to vt). Hence, 
the possible acceleration of electrons in a betatron is limited to about 
500 MeV (at a velocity corresponding to this value, the losses due to 
radiation become equal to the energy imparted to the electrons by 
the vortex electric field). 

A charge performing’harmonic oscillations emits a monochromat- 
ic wave with a frequency equal to that of the charge oscillations. 
If the acceleration a of the charge does not change according to a 
harmonic law, then the radiation consists of a set of waves of differ- 
ent frequencies. 

According to expression (15.47), the intensity vanishes when a= 
=0. Consequently, an electron travelling with a constant velocity 
does not emit electromagnetic waves. This holds, ‘however, only for 
the case when the velocity of an electron vea does not exceed the 
speed of light vı, =c/Y en in the medium in which the electron is 
travelling. When ve >ù, radiation is observed that was discovered 
in 1934 by the Soviet physicists Sergei Vavilov (1891-1951) and Pa- 
vel Cerenkov (born 1904). 


* The constant of proportionality when SI units are used is V pole g/6xc%, 
and when units of the Gaussian system are used is 2/(3c%). 


PART II OPTICS 


CHAPTER 16 GENERAL 


16.4. The Light Wave 


Light is a complicated phenomenon: in some cases it behaves like 
an electromagnetic wave, in others like a stream of special particles 
(photons). In the present volume, we shall treat wave optics, i.e. 
the range of phenomena based on the wave nature of light. The 
collection of phenomena due to the corpuscular (particulate) nature 
of light will be dealt with in Volume III. 

What oscillates in an electromagnetic wave are the vectors E and 
H. Experiments show that the physiological, photochemical, pho- 
toelectrical and other actions of light are due to the oscillations of 
the electric vector. Accordingly, we shall speak in the following of 
the light vector, having in mind the electric field strength vector. 
We shall meanwhile make no mention of the magnetic vector of a 
light wave. 

We shall designate the magnitude of the light vector amplitude, as 
a rule, by the letter A (sometimes by the symbol Em). Hence, the 
change in space and time of the projection of the light vector onto 
the direction along which it oscillates will be described by the 
equation 


E =A cos (ot — kr +a) (16.4) 


where k = wave number 
r = distance measured along the direction of propagation of 
the light wave. 

For a plane wave propagating in a non-absorbing medium, A = 
= const, for a spherical wave, A diminishes in proportion to 1/r, 
and so on. 

The ratio of the speed of a light wave in a vacuum to the phase 
velocity‘v in a medium is known as the absolute refractive index 
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of the medium and is designated by the letter n. Thus, 
f: 
n= > (16.2) 


A comparison with Eq. (15.10) shows that n = V ep. For the over- 
whelming majority of transparent substances, p does not virtually 
differ from unity. We can therefore consider that 


n=Ve (46.3) 


Equation (16.3) relates the optical and the electrical properties of 
a substance. It may seem on the face of it that this equation is 
wrong. For example, for water e = 81, whereas n = 1.33. It must 
be borne in mind, however, that the value e = 81 has been obtained 
from electrostatic measurements. A different value of ¢ is obtained 
for fast-varying electric fields, and it depends on the frequency of 
oscillations of the field. This explains the dispersion of light, i.e. the 
dependence of the refractive index (or speed of light) on the fre- 
quency (or wavelength). Using the value of e obtained for the rele- 
vant frequency in Eq. (16.3) leads to the correct value of n. 

The values of the refractive index characterize the optical density 
of the medium. A medium with a greater n is called optically denser 
than one with a smaller n. Conversely, a medium with a lower n is 
called optically less dense than one with a greater n. 

The wavelengths of visible light are within the following limits: 


Ao = 0.40-0:76um (4000-7600 A) (16.4) 


These values relate to light waves in a vacuum. The lengths of light 
waves in substances will have other values. For oscillations of fre- 
quency v, the wavelength in a vacuum is 4, = c/v. In a medium in. 
which the phase velocity of a light wave isv = c/n, the wavelength 
has the value A = v/v =c/vn =A)/n. Thus, the length of a light 
wave in a medium with the refractive index n is related to the wave- 
length in a vacuum by the expression 


a (16.5) 


The frequencies of visible light waves are within the limits 
v= (0.39-0.75) x 10 Hz (16.6) 


The frequency of the changes in the vector of the energy flux density 
carried by a wave will be still greater (it equals 2v). Neither. our eye 
nor any other receiver of luminous energy can track such frequent 
changes in the energy flux, hence they register the time-averaged 
flux. The magnitude of the time-averaged energy flux density carried 
by a light wave is called the light intensity J at the given point of 
space. The density of the flux of electromagnetic energy 1s deter- 
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mined by the Poynting vector S. Hence, 
T=|(S)|=| (({EH))| (46.7) 


Averaging is performed over the time of “operation” of the instru- 
ment, which, as we have already noted, is much greater than the 
period of oscillations of the wave. The intensity is measured either 
in energy units (for example, in W/m"), or in light units named “lu- 
men per square metre” (see Sec. 16.5), 

According to Eq. (45.22), the magnitudes of the amplitudes of 
the vectors E and H in an electromagnetic wave are related by the 
expression 


Em V =H V jijlp= Hm V tg 
(we have assumed that u = 1). It thus follows that 


=ViV “£.- Ey 
Hn=VeV © Em nEn y 2 
where n is the refractive index of the medium in which the wave 
propagates. Thus, Hm is proportional to Em and n: 


Hm œ nEm (16.8) 


The magnitude of the average value of the Poynting vector is pro- 
portional to EmHm. We can therefore write that 


T œ nE = nA? (16.9) 


(the constant of proportionality is 1 è ,/po). Hence, the light inten- 
a of By 


sity is proportional to the refractive index of the medium and the 
square of the light wave amplitude. 

We must note that when considering the propagation of light in a 
homogeneous medium, we may assume that the intensity is propor- 
tional to the square of the light wave amplitude 


I «x A? (16.10) 


For light passing through the interface between media, however, the 
expression for the intensity, which does not take the factor n into 
account, leads to non-conservation of the light flux. 

The lines along which light energy propagates are called Tays. 
The averaged Poynting vector (S) is directed at each point along a 
tangent to a ray. The direction of (S) in isotropic media coincides 
with a normal to the wave surface, i.e. with the direction of the 
wave vector k. Hence, the rays are perpendicular to the wave sur- 
faces. In anisotropic media, a normal to the wave surface generally 
does not coincide with the direction of the Poynting vector so that 
the rays are not orthogonal to the wave surfaces. 
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Although light. waves are transverse, they usually do not dis- 
play asymmetry relative to a ray. The explanation is that in natural 
light (i.e. in light emitted by conventional sources) there are oscil- 
lations that occur in the most diverse directions perpendicular to a 
ray (Fig. 16.1). The radiation of a luminous body consists of the 
waves emitted by its atoms. The process of radiation in an indi- 
vidual atom continues about 10-° s. During this 
time, a sequence of crests and troughs (or, as is Fay 
said, a wave train) of about three metres in length 
is formed. The atom “dies out”, and then “flares 
up” again after a certain time elapses. Many atoms 
“flare up” at the same time. The wave trains they j 
emit are superposed on one another and form the Fig. 16.4 
light wave emitted by the relevant body. The 
plane of oscillations is oriented randomly for each wave train. 
Therefore, the resultant wave containsoscillations of different direc- 
tions with an equal probability. 

In natural light, the oscillations in different directions follow 
one another rapidly and without any order. Light in which the direc- 
tion of the oscillations has been brought into order in some way or 
other is called polarized. If the oscillations of the light vector occur 
only in a single plane passing through a ray, the light is called plane 
(or linearly) polarized. The order may consist in that the vector E 
rotates about a ray while simultaneously pulsating in magnitude. 
The result is that the tip of the vector E describes an ellipse. Such 
light is called elliptically polarized. If the tip of the vector E describes 
a circle, the light is called circularly polarized. 7 

We shall deal with natural light in Chapters 17 and 18. For this 
reason, we shall display no interest in the direction of the light 
vector oscillations. The ways of obtaining polarized light and its 
properties are considered in Chap. 19. 


16.2. Representation of Harmonic Functions 
Using Exponents 


Let us form the sum of two complex numbers 4 = 2% + iyı and 
Z, = Z; + tye! 
2 = + z, =(% + in) + (E + tye) = 
= (t + 2a) +i (a + ys) (16.11) 
It can be seen from Eq. (46.41) that the real part of the sum of com- 
plex numbers equals the sum of the real parts of the addends: 
Re {(a + %)} = Re {2} + Re {4} (16.12) 


21—7796 
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Let us assume thata complex number is a function of a certain 
parameter, for example, of the time t: 


z (t) =z (t) + iy (t) 
Differentiating this function with respect to t, we get 


dz _ dz dy 
aa tae 


It thus follows that the real part of the derivative of z with respect 
to ¢ equals the derivative of the real part of z with respect to t: 


Re {5} =4 Re {2} (16.13) 


A similar relation holds upon integration of a complex function. 
Indeed, 


feaa] a(t) dt + i | y(t) dt 


whence it can be seen that the real part of the integral of z(t) equals 
the integral of the real part of z (t): 


Re (fz (t) dt} = f Re {z (t) dt} (16.14) 


It is evident that relations similar to Eqs. (16.12), (16.13), and 
(16.14) also hold for the imaginary parts of complex functions. 

It follows from the above that when the operations of addition, 
differentiation, and integration are performed with complex functions, 
and also linear combinations of these operations, the real (imaginary) 
part of the result coincides with the result that would be obtained 
when similar operations are performed with the real (imaginary) 
parts of the same functions*. Using the symbol Č to denote a linear 
combination of the operations listed above, we can write: 


Re {I (21, za, -..)}=Z (Re{z,}, Re{z,},...) (46.45) 


The property of linear operations we have established makes it 
possible to use the following procedure in calculations: when per- 
forming linear operations with harmonic functions of the form 
A cos (wt — kst — kyy — kz + œ), we can replace these functions 
with the exponents 


A exp [i (ot—k,x— hyy—k,2 + a)) = A exp [i (ot — kst — kyy — k;z)} 
(16.16) 


where A = Aei® isa complex number called the complex amplitude. 
With such representation, we can add functions, difierentiate them 


* We must note that this rule cannot be applied to non-linear operations, 
for example, to the multiplication of functions and squaring them. 
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with respect to the variables ¢, z, y, z, and also integrate over these 
variables. In performing the calculations, we must take the real 
part of the result obtained. The expediency of this procedure is 
explained by the fact that calculations with exponents are consid- 
erably simpler than calculations performed with trigonometric 
functions. 

Passing over to representation (16.16), we in essence add to all 
functions of the kind A cos (wt — k,x — kyy — k,2+ a) the ad- 
dends iA sin (wt — ksz —kyy — kz + @). We remind our reader 
that we have used a similar procedure when studying forced oscil- 
lations (see Sec. 7.12 of Vol. I, p. 215 et seq.). 


16.3. Reflection and Refraction 
of a Plane Wave at the Interface 
Between Two Dielectrics 


Assume that a plane electromagnetic wave falls on the plane inter- 
face between two homogeneous and isotropic dielectrics. The dielec- 
tric in which the incident wave is propagating is characterized by 
the permittivity e,, and the second dielectric by the permittivity £z. 
We assume that the permeabilities are unity. Experiments show that 
in this case, apart from the plane refracted wave propagating in the 
second dielectric, a plane reflected wave propagating in the first 
dielectric is produced. 

Let us determine the direction of propagation of the incident 
wave with the aid of the wave vector k, of the reflected wave with the 
aid of the vector k’ and, finally, of the refracted wave with the aid 
of the vector k"; We shall find how the directions of k’ and k” are 
related to the direction of k. We can do this by taking advantage of 
the fact that the following condition must be observed at the inter- 
face between the two dielectrics: 


E, «= Ez: (46.17) 


Here Æ, < and Es, z are the tangential components of the electric 
field strength in the first and second medium, respectively. 

In Sec. 2.7, we proved Eq. (16.17) for electrostatic fields [see 
Eq. (2.44)]. It can easily be extended, however, to time-varying 
fields. According to Eq. (9.5), the circulation of E determined by 
Eq. (2.42) for varying fields must be not zero, but equal to the integ- 


ral f (—B) dS taken over the area of the loop shown in Fig. 2.9: 


§ Eıdi= Ey, 40— Ensa + (Ey) = — j Bas 
Sea-d 
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Since B is finite, in the limit transition b— 0 the integral in the 
right-hand side vanishes, and we arrive at condition (2.43), from 
which follows Eq. (2.44). 

Assume that the vector k determining the direction of propagation 
of the incident wave is in the plane of the drawing (Fig. 16.2). The 
direction of a normal to the interface will be characterized by the 
vector n. The plane in which the vectors k and n are is called the 
plane of incidence of the wave. Let us take 
the line of intersection of the plane of inci- 
dence with the interface between the dielec- 
trics as the z-axis. We shall direct the y-axis 
at right angles to the plane of the dielectric 
interface. The z-axis will therefore be perpen- 
dicular to the plane of incidence, while the 
vector t will be directed along the z-axis 
i (see Fig. 16.2). 

l It is obvious from considerations of sym- 
yy kK” metry that the vectors k’ and k” can only 


be in the plane of incidence (the media are 
Fig. 16.2 homogeneous and isotropic). Indeed, assume 


that the vector k’ has deflected from this 

plane “toward us”. There are no grounds, however, to give such a 

deflection priority over an equal deflection “away from us”, Conse- 

quently, the only possible direction of k' is that in the plane of 
incidence. Similar reasoning also holds for the vector k”. 

Let us separate from a naturally falling ray a plane-polarized com- 


an arbitrary angle with the plane of incidence. The oscillations of 


E = Em exp li (ot — kr)] = Em exp [i (ot—k,2 — kyy) 
(with our choice of the coordinate axes, the projection of the vector 
k onto the z-axis is zero, therefore the addend —k,z is absent in the 
exponent). By correspondingly choosing the beginning of reading t, 
we have made the initial phase of the wave equal zero. 

The field Strengths in the reflected and refracted waves are deter- 
mined by similar expressions 
E’ = En exp [i (o’t— kzt — kyy +a')] 
E’ = En exp [i (o"t — Kz Ky Fa")] 
where a’ and a” are the initial phases of the relevant waves. 


* More exactly, the real part of this function, but we shall say simply 
function for brevity’s sake. 
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The resultant field in the first medium is 
E,=E+E’=En exp [i (ot— ksz — kyy) + 


+ Emexp [i (o't— kss hy +a')] (16.18) 
In the second medium 
E, = E” = Eh, exp [i (o"t— kzt — kyy + @”)] (16.19) 


According to Eq. (16.17), the tangential components of Egs. (16.18) 
and (16.19) must be the same at the interface, ie. when y = 0. We 
thus arrive at the expression 


Em, + xp [i (ot—k,2)) + Ein, + exp [i (o"t — kis + a')]= 
= Ep, rexp li (o"t— ksa +a")] (16.20) 


For condition (16.20) to be observed at any t, all the frequencies 
must be the same: 
o=0' =o" (46.24) 


To convince ourselves that this is true, let us write Eq. (46.20) in 
the form 
aexp (iat) +b exp (iw't) = cexp (io"t) 
where the coefficients a, b; and c are independent of t. The equation 
which we have written is equivalent to the following two: 
acos wt + bcos w't=ccos o"t 
asin ot +bsinw't=csinw’t 
The sum of two harmonic functions will also be a harmonic function 
only if the functions being added have the same frequencies. The 
harmonic function obtained as a result of addition will have the 
same frequency as the summated functions. Hence follows Eq. (46.24). 
We have thus arrived at the conclusion that the frequencies of the 
reflected and refracted waves coincide with that of the incident wave. 
For condition (46.20) to be observed at any 2, the projections of 
the wave vectors onto the z-axis must be equal: 
ka= ki =k; (16.22) 
The angles 6, 6’, and 0” shown in Fig. 16.2 are called the angle of 
incidence, the angle of reflection, and the angle of refraction, A 
glance at the figure shows that ky = k sin 0, ks = k' sin 0’, ke 
= k” sin 0”. Equation (16.22) can therefore be written in the form 
ksin =k’ sin 0' =k" sin’8” 
The vectors k and k’ have the same magnitude equal to w/v,; the 
magnitude of the vector k” equals w/v,. Hence 


a O Th O s 
© sing = sin 6’ = sin 0” 
v v vs 
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It thus follows that 


6’—0 (16.23) 
sin 0 v 
ano Em ais (16.24) 


The relations we have obtained are obeyed for any plane-polarized 
component of a natural ray. Hence, they also hold for a natural ray 
as a whole. 

Equation (16.23) expresses the law of reflection of light, according 
to which the reflected ray lies in one Plane with the incident ray and the 
normal to the point of incidence; the angle of reflection equals the angle 


the normal to the point of incidence; the ratio of the sine of the angle of 
incidence to the sine of the angle of refraction is constant for given sub- 
stances, 

The quantity n,, in Eq. (16.24) is known as the relative refractive 
index of the second substance with respect to the first one. Let us 
write this quantity in the form 


Wi HC Bry Joel 
serait Wt be (16.25) 


Thus, the relative refractive index of two substances equals the ratio 
of their absolute refractive indices. 

Substituting the ratio n/n, for m, in Eq. (16.24), we can write 
the law of refraction in the form 


n, sin 8 = n, sin 0” (16.26) 


Inspection of this equation shows that when light passes from an opti- 
cally denser medium to an optically less dense one, the rays move 
away from a normal to the interface of the media. An increase in the 
angle of incidence @ is attended by a more rapid growth in the angle 
of refraction 9", and when the angle @ reaches the value 


Scr = aresin n, (16.27) 
the angle 6” becomes equal to n/2. The angle determined by Eq. 
(16.27) is called the critical angle. 


The energy carried by an incident ray is distributed between the 
reflected and the refracted rays. As the angle of incidence grows, 


ed ray diminishes and vanishes at the critical angle. At angles of 
incidence within the limits from 8er to 7/2, the light wave penetrates 
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Let us find the relations between the amplitudes and phases of the 
incident, reflected, and refracted waves. For simplicity, we shall lim- 
it ourselves to the normal incidence of a wave onto the interface 
between dielectrics (we remind our reader that the dielectrics are 
assumed to be homogeneous and isotropic). Assume that the oscilla- 
tions of the vector E in the falling wave occur along the direction 
which we shall take as the z-axis. It follows from considerations of 
symmetry that the oscillations of the vectors E’ and E” also occur 
along the z-axis. In the given case, the unit vector T coincides with 
the unit vector e,. Therefore, the condition of continuity of the tan- 
gential component of the ‘electric field strength has the form 


Es + Ez =E} (16.28) 


Expression (16.8) obtained for the amplitude values of E and H 
also holds for their instantaneous values: H oc nE. It thus follows 
that the instantaneous value of the energy flux density is propor- 
tional to nE?. Thus, the law of energy conservation leads to the 
equation 

nyBt = n,B2 + mE? (16.29) 
We must note that the quantities Ez, Ez, and Hz in Eqs. (16.28) 
and (16.29) are the instantaneous values of the projections. 

Introducing EZ — Ex into Eq. (16.29) instead of E£% [see Eq. (46.28)], 
it is easy to see that 


=E, (16.30) 
Using this value of Ez in Eq. (46.28), we find that 
E,= SpE Ez (46.34) 


Examination of Eq. (16.30) shows that the projections of the 
vectors E and E” have identical signs at each moment of time. Hence, 
we conclude that the oscillations in the incident wave and in the 
one passing into the second medium occur at the interface in the 
same phase—when a wave passes through the interface there is no 
jump in the phase. } > 

It can be seen from Eq. (16.34) that when ng <M; the sign of Ez 
coincides with that of E. This signifies that the oscillations in the 
incident and reflected waves occur at the interface in the same phase— 
the phase of a wave does not change upon reflection. If ny >M, 
then the sign of Ez is opposite to that of Ey, the oscillations in the 
incident and reflected waves occur at the interface in counterphase— 
the phase of the wave changes in a jump by x upon reflection. The 
result obtained also holds upon the inclined falling of a wave at the 
interface between two transparent media. 
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Thus, when a light wave is reflected from an interface between an 
optically less dense medium and an optically denser one (when 
nı <M), the phase of oscillations of the light vector changes by n. 
Such a phase change does not occur upon reflection from an inter- 
face between an optically denser medium and an optically less 
dense one (when 7, >n). 

Equations (16.30) and (16.31) have been obtained for the instan- 
taneous values of the projections of the light vectors. Similar rela- 
tions also hold for the amplitudes of the light vectors: 


2 . — 
Fn= = Emi Baclaine, (46.32) 


These relations make it possible to find the reflection coefficient p 
and the transmission coefficient t of a light wave (for normal inci- 
dence at the interface between two transparent media). Indeed, by 
definition 


where J’ is the intensity of the reflected wave, and J is the intensity 
of the incident one. Using in this equation the ratio Em/Em obtained 
from Eq. (46.32), we arrive at the formula 
Mme—1 \2 
p= (Teo (16.33) 
Here ni, = n/n, is the refractive index of the second medium rela- 
tive to the first one. 
We get the following expression for the transmission coefficient: 


At OE" as Ree 2 2 
t= ua =n (ir) (16.34) 


= 1.5 into Eq. (16.33), we get p = 0.04. Thus, each surface of a 
glass plate reflects (with incidence close to normal) about four per 
cent of the luminous energy falling on jit. 


16.4. Luminous Flux 


A real light wave isa superposition of waves with lengths confined 
within the interval Ad. The latter is finite even for monochromatic 
(single-coloured) light. In white light, Ad covers the entire range of 
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electromagnetic waves perceived by the eye, i.. it ranges from 
0.40 to 0.76 pm. 

The distribution of the energy flux by wavelengths can be cha- 
racterized with the aid of the distribution function 


a= (16.35) 


where d®,, is the energy flux falling to the wavelengths from A to 
A + dà. Knowing the form of function (16.35), we can calculate the 
energy flux transferred by waves whose lengths are within the finite 
interval from A, to Ag: 

day 

Osis f p (A) dà (46.36) 

kı 
The action of light on the eye (the perception of light) depends quite 
greatly on the wavelength. This is easy to understand if we take 


Fig. 16.3 


into account that electromagnetic waves with A below 0.40 pm 
and above 0.76 um are not perceived at all by the human eye. The 
sensitivity of an average normal human eye to radiation of various 
wavelengths can be depicted graphically by a curve of relative spec- 
tral sensitivity (Fig. 16.3). The wavelength 4 is laid off along the 
horizontal axis, and the relative spectral sensitivity V (\) along the 
vertical one. The eye is most sensitive to radiation of the wavelength 
0.555 pm* (the green part of the spectrum). The function V (A) 
for this wavelength is taken equal to unity. The luminous intensity 
estimated visually for other wavelengths is lower, although the 
energy flux is the same. Accordingly, V (A) for these wavelengths is 


* It is interesting to note that this wavelength is represented with the 
greatest intensity in solar radiation. 
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also less than unity. The values of the function V (A) are inversely 
proportional to the values of the energy fluxes producing a visual 
sensation identical in intensity: 


V (ha) _ (den) 


Vhs) (Pens 


For example, V (A) = 0.5 signifies that for obtaining a visual sen- 
sation of the same intensity, light of the given wavelength must have 
a density of the energy flux twice that of light for which V (A) = 4. 
Outside of the interval of visible wavelengths, the function V (A) 
is zero. 

The quantity ® called the luminous flux is introduced to character- 
ize the luminous intensity with account of its ability to produce a 
visual sensation. For the interval dd, the luminous flux is determined 
as the product of the energy flux and the corresponding value of the 
function V (A): 

dD =V (A) dDen (16.37) 


Expressing the energy flux through the function of energy distribu- 
tion by wavelengths [see Eq. (16.35)], we get 


d®=V (A) g (å) da (16.38) 
The total luminous flux is 


=f VAPAA (16.39) 
0 


The function V (A) is a dimensionless quantity. Consequently, the 
dimension of luminous flux coincides with that of energy flux. This 
makes it possible to define the luminous flux as the flux of luminous 
energy assessed according to its visual sensation. 


16.5. Photometric Quantities and Units 


Photometry is the branch of optics occupied in measuring lumi- 
nous fluxes and quantities related to them. 

Luminous Intensity. A source of light whose dimensions may be 
disregarded in comparison with the distance from the place of obser- 
vation to the source is called a point source. In a homogeneous and 
isotropic medium, the wave emitted by a point source will be spher- 
ical. Point sources of light are characterized by the luminous inten- 
sity J determined as the luminous flux emitted by a source per unit 
solid angle: 


a® 
r=% (16.40) 


ns 
(d® is the luminous flux emitted by a source within the limits of the 
solid angle dQ). 

In the general case, the luminous intensity depends on the direc- 
tion: 7 = J (8, ọ) (here @ and @ are the polar and the azimuth an- 
gles in a spherical system of coordinates). If J does not depend onthe 
direction, the light source is called isotropic. For an isotropic source 

® 
I=- (16.41) 
where @ is the total luminous flux emitted by the source in all di- 
rections, 

When dealing with an extended source, we can speak of the lumi- 
nous intensity of an element of its surface dS. Now by d® in Eq. 
(16.40) we must understand the luminous flux emitted by the sur- 
face element dS within the limits of the solid angle dQ. 

The unit of luminous intensity—the candela (cd) is one of the basic 
SI units. It is defined as the luminous intensity, in the perpendicular 
direction, of a surface of 1/600 000 square metre of a complete ra- 
diator at the temperature of freezing platinum under a pressure of 
101 325 pascals. By a complete radiator is meant a device having 
the properties of a blackbody (see Vol. III). 

Luminous Flux. The unit of luminous flux is the lumen (lm). It 
equals the luminous flux emitted by an isotropic source with a lu- 
minous intensity of 4 candela within a solid angle of one steradian: 


1 lm = 1 ceded sr (16.42) 


It has been established experimentally that an energy flux of 
0.0016 W corresponds to a luminous flux of 1 lm formed by radiation 
having a wavelength of A = 0.555 um. The energy flux 

0.0016 
®,, = Ta. w (16.43) 
corresponds to a luminous flux of 1 lm formed by radiation of a 


different. wavelength. : 
Illuminance. The degree of illumination of a surface by the light 


falling on it is characterized by the quantity 
2 ine 
E= qs (16.44) 
known as the illuminance or illumination (d®,,,_ is the luminous 
flux incident on the surface element dS). 9 , 

The unit of illuminance is the lux (lx) equal to the illuminance 
produced by a flux of 1 lm uniformly distributed over a surface 
having an area of 1 m?: 

41x =1 lm:1 m? (16.45) 
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The illuminance Æ produced by a point source can be expressed 
through the luminous intensity J, the distance r from the surface 
to the source, and the angle œ between a normal to the surface n 
and the direction to the source. The flux incident on the area dS 
(Fig. 16.4) is dine = I dQ and it is confined within the solid angle dQ 
subtended by dS. The angle dQ is dS cos a/r*. 
Hence, d@jn, =I dS cos a/r*. Dividing this 
flux by dS, we get 


I 
b= (46.46) 


Luminous Emittance. An extended source of 
light can be characterized by the luminous 
emittance M of its various sections, by which 

Fig. 16.4 is meant the luminous flux emitted outward 

by unit area in all directions (within the 

limits of values of @ from 0 to 7/2, where 6 is the angle made by 
the given direction with an external normal to the surface): 


=n (16.47) 
(d®.m is the flux emitted outward in all directions by the surface 
elements dS of the source). 

Luminous emittance may appear as a result of a surface reflecting 
the light falling on it. Here by d®,,, in Eq. (16.47), we must under- 
stand the flux reflected by the surface element dS in all directions. 

The unit of luminous emittance is the lumen, per square metre 
(lm/m?). 

Luminance. Luminous emittance. characterizes radiation (or 
reflection) of light by a given place of a surface in all directions. The 
radiation (reflection) of light in a given direction is characterized 
by the luminance L. The direction can be given by the polar angle 
6 (measured from the outward normal n to the emitting surface area 
AS) and the azimuth angle pọ. Luminance is defined as the ratio of 
the luminous intensity of an elementary surface area AS in a given 
direction to the projection of the area AS onto a plane perpendicu- 
lar to the chosen direction. 

Let us consider the elementary solid angle dQ subtended by the 
luminous area AS and oriented in the direction (0, ) (Fig. 16.5). 
The luminous intensity of area AS in the given direction, according 
to Eq. (16.40), is J = d®/dQ, where d® is the luminous flux propa- 
gating within the limits of the angle dQ. The projection of AS onto 
a plane normal to the direction (0, ọ) (in Fig. 16.5 the trace of this 
plane is depicted by a dash line) is AS cos 0. Hence, the luminance is 


aod 
AE. es (16.48) 
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In the general case, the luminance differs for different directions: 
L = L (0, 9). Like the luminous emittance, the luminance can be 
used to characterize a surface that reflects the light falling on it. 
In accordance with Eq. (16.48), the flux emitted by the area AS 
within the limits of the solid angle dQ in the direction determined 
by 0 and is 


d®=L (0, p) dQAS cos 6 (16.49) 


A source whose luminance is identical in all directions (L = const) 
is called a Lambertian source (obeying Lam- 
bert’s law), or a cosine source (the flux emitted 
by a surface element of sucha source is pro- 
portional to cos @)..Only, a blackbody. strictly 
observes Lambert's law. 

The luminous emittance M-and luminance 
L of a Lambertian source are related by asim- 
ple expression. To find it, let usintroduce dQ = 
=sin ð dð dp into Eq. (16.49) and integrate 
the expression obtained with respect to ọ within i 
the limits from 0 to 2n and with respect to 0 Fig. 16.5 
from 0 to «/2, taking into account that L = 
= const. As a result, we shall find the total light flux emitted by sur- 
face element-AS of, a Lambertian source outward in all directions: 


2x a2 
A®em =L AS f dp f sin @ cos 0 d0 = aL AS 
0 0 


We get the luminous emittance by dividing this flux by AS. Thus, 
for a Lambertian source, we have 


M=nL (16.50) 


The unit of luminance is the candela per square metre (cd/m?). 
A uniformly luminous plane surface has a luminance of 1 cd/m? in a 
direction normal to it if in this direction the luminous intensity of 
one square metre of surface is one candela. 


16.6. Geometrical Optics 


The lengths of light waves perceived by the human eye are very 
small (of the order of 10-7 m). For this reason, the propagation of 
visible light in’a first approximation can be considered without giv- 
ing attention to its wave nature and assuming that light propagates 
along lines called rays. In the limiting case corresponding to À — 0, 
the laws of optics can be formulated using the language of geometry. 
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Accordingly, the branch of optics in which the finiteness of the 
wavelengths is disregarded is known as geometrical optics. Another 
name for it is ray optics. 

Geometrical optics is based on four laws: (1) the law of propagation 
of light along a straight line; (2) the law of independence of light 
rays; (3) the law of light reflection; and (4) the law of refraction. 

The law of straight-line propagation states that in a ho- 
mogeneous medium light propagates in a straight line. This law is ap- 
proximate—when light passes through very 
small openings, deviations from a straight line 
are observed that increase with a diminishing 
ds size of the opening. 

The law of independence of light rays states 
that rays do not disturb one another when they 
intersect. The intersection of rays does not hin- 
der each of them from propagating indepen- 

y dently of the others. This law holds only at 
Fig. 16.6 not too great luminous intensities. At intensi- 
ties reached with the aid of lasers, the inde- 

pendence of light rays stops being observed. 

The laws of reflection and refraction of light were formulated in 
Sec. 16.3 [see Eqs. (16.23) and (16.24) and the text following them). 

Geometrical optics can be based on’ the principle established by 
the French mathematician Pierre de Fermat (41601-4665). It under- 
lies the laws of straight-line propagation, reflection, and refraction 
of light. As formulated by Fermat himself, this principle states that 
any light ray will travel between two end points along a line requiring 
the minimum. transit time. 

Light needs the time dt = ds/v, where v is the speed of light at 
the given point of the medium, to cover the distance ds (Fig. 16.6). 
Replacing v with c/n [see Eq. (16.2)], we find that dt = (4/c) n ds. 
Consequently, the time + spent by light in covering the distance 
from point Z to.point 2 is 


2 


2 
t=] nds (46.54) 
i 
The quantity 
2 
pS j nds (16.52) 


having the dimension of length is called the optical path. In a homo- 
geneous medium, the optical path equals the product of the geometri- 
cal path s and the index of refraction n of the medium: 
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According to Eqs. (16.54) and (46.52), we have 
stale (46.54) 


e 

The proportionality of the time t of covering a path to the optical 
path L makes it possible to word Fermat’s principle as follows: 
light travels along a path whose optical length is minimum. More exact- 
ly, the optical path must be extremal, i.e. either minimum or maxi- 
mum, or stationary—identical for all poss- 
ible paths. In the last case, all the paths A |” H 
of light between two points are tautochro- 

nous (requiring the same time for covering 
them). 

The reversibility of light rays ensues from 
Fermat’s principle, Indeed, the optical path 
that is minimum when light travels from 
point 7 to point 2 is also minimum when 
light travels in the opposite direction. Con- 
sequently, aray emitted toward another one 
that has travelled from point J to point 2 
will cover the same path, but in the oppo- 
site direction. 

Let us use Fermat's principle to obtain the laws of reflection and 
refraction of light. Assume that a light ray reaches point B from point A 
after being reflected from surface MN (Fig. 16.7, the straight path 
from A to B is blocked by opaque screen Sc). The medium in which 
the ray travels is homogeneous. Therefore, the minimality of the 
optical length consists in the minimality of its geometrical length, 
The geometrical length of an arbitrarily taken path is AO'B = 
= A’O’'B (auxiliary point A’ is a mirror image of point A). A glance 
at the figure shows that the path of the ray reflected at point O will 
be the shortest. At this point the angle of reflection equals the angle 
of incidence. We must note that when point O’ moves away from 
point O, the geometrical path grows unlimitedly so that in the given 
case we have only one extreme—a minimum. ‘ 

Now let us find the point at which a ray travelling from AtoB 
must be refracted for the optical path to be extremal (Fig. 16.8). 
The optical path for an arbitrary ray is 


L=nsi tms =m V at + 24+ m V aoa) 


To find the extreme value, let us differentiate L with respect to z 
and equate the derivative to zero: 


BES rete Mais OP) Sige oy ari E 
ds Vata Vato a? A 
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The factors of nj and n, equal sin and sin 6’, respectively. We 
thus get the relation 
n, sin.6 = ñ, sin 6” 


expressing the law of refraction [see Eq. (46.26)]. 

Let us consider reflection from the inner surface of an ellipsoid, of 
revolution (Fig. 16.9; F, and F, are the foci of the ellipsoid), Accord- 
ing to the definition of an ellipse, the paths F,OF,, F,0'F,, F,0’F,, 
etc. are identical in length. Hence, all the rays leaving focus F, 


Fig. 16.8 Fig. 16.9 


and arriving after reflection at focus F, are tautochronous, In this 
case, the optical path is stationary. If we replace the surface of the 
ellipsoid with surface MM having a-smaller curvature and oriented 
so that a ray leaving point Fj arrives at point F, after being reflected 
from MM, then path F,OF, will be minimum. For surface MN whose 
curvature is greater than that of the-ellipsoid, path F,OF, will be 
maximum. 

The optical paths are also stationary when the rays pass through 
a lens (Fig. 16.10). Ray POP’ has the shortest path in/air (where the 
index of refraction n is virtually equal to unity) and the longest path 
in glass (n ~ 1.5). Ray PQQ’P’ has the longest path in air, but a 
shorter one in glass. As a result, the optical paths will be the same 
for all the rays. Hence, the latter are tautochronous, and the optical 
path is stationary. 

Let us consider a wave propagating in a non-homogeneous isotropic 
medium along rays I, 2, 3, etc. (Fig. 16.11). We shall consider that 
the non-homogeneity is sufficiently small for us to assume the index 
of refraction to be constant on sections of the rays of length 4. We 
shall construct wave surfaces S}, S,, S3, etc. so that the oscillations 
at the points of each following surface lag in phase by 2n behind 
the oscillations at the points on the preceding surface. The oscilla- 
tions at points on the same ray are described by ‘the equation Ẹ = 
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= A cos (wt — kr + æ) (here r is the distance measured along the 
ray). The lag in phase is determined by the expression kKAr, where Ar 
is the distance between adjacent surfaces. From the condition kAr = 
= 2n, we find that Ar =2n/k =i. The optical length of each of 

the paths of geometrical length À is nà = A, [see Eq. (16.5)]. Accord- 
ing to Eq. (16.54), the time t during which light covers a path is 
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Fig. 16.10 


Fig. 16.14 


proportional to the optical length of the path. Consequently, the 

equality of the optical paths signifies equality of the times needed 
for light to travel the relevant paths. We thus arrive at the conclu- 
sion that sections of rays confined between two wave surfaces have 
identical optical paths and are tautochronous. In particular, the 
sections of tle rays between. wave surfaces MM and NN depicted 
by dash lines in Fig. 16.10 are tautochronous. 


It can be seen from our treatment that the lag in phase 6 appearing 
on the optical path L is determined by the expression 


L 
b=, 27 


(16.55) 
(ào is the length of a wave in a vacuum). 


16.7. Centered Optical System 


A collection of rays forms a beam. If rays when continued inter- 
sect at one point, th 


e beam is called homocentric. A spherical wave 
surface corresponds to a homocentric beam of rays. Figure 16.124 
shows a converging, and Fig. 16.12b a diverging homocentric beam. 
A particular case of a homocentric beam is a beam of parallel rays; 
a plane light wave corresponds to it. 


* 227796 
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Any optical system transforms light beams, If the system does 
not violate the homocentricity of the beams, then the rays emerging 
from point P intersect at one point P’. This point is the optical 
image of point P. If a point of an object.is depicted in the form of 
a point, the image is called a point or a stigmatic one. 

An image is called real if the light rays actually intersect at point 
P’ (see Fig. 16.12a), and virtual if the continuations of the rays in 
a direction opposite to the direction 
of propagation of the light intersect 
at P’ (see Fig. 16.126). 

Owing to the reversibility of light 
rays, light source P and image P’ 
may exchange roles—a point source 
placed at P’ will have its image at 
P. For this reason, P and P’ are 
called conjugate points. 

An optical system that produces 

Fig. 16.12 a stigmatic image which.is geomet- 

rically similar to the object it depicts 

is called ideal. With the aid of such a system, a space continuity of 

points P is depicted in the form of a space continuity of points P’. 

The first continuity of points is known as the object space, and the 

second one as the image space. In both spaces, points, straight lines, 

and planes uniquely correspond to one another. Such a relation of 
two spaces is called collinear correspondence in geometry. 

An optical system is a collection of reflecting and refracting sur- 
faces separating optically homogeneous media from one another. 
These surfaces are usually spherical or plane (a plane can be consid- 
ered as a sphere of infinite radius). More complicated surfaces such 
as an ellipsoid, hyperboloid or paraboloid of revolution are used much 
less frequently. 

An optical system formed by spherical (in particular, by plane) 
surfaces is called centered if the centres of all the surfaces are on a 
single straight line. This line is called the optical axis of the system. 

To each point P or plane S in object space there corresponds its 
conjugate point P” or plane S’ in image space. The infinite multitude 
of conjugate points and conjugate planes includes points and planes 
having special properties. Such points and planes are called cardinal 
ones. Among them are the focal, principal, and nodal points and 
planes. Setting of the cardinal points or planes completely deter- 
mines the properties of an ideal centered optical system. 

Focal Planes and Focal Points of an Optical System. Figure 16.13 
shows the external refracting surfaces and the optical axis of an 
ideal centered optical system. Let us take plane S perpendicular 
to the optical axis in the object space of this system. It follows from 
considerations of symmetry that plane S’ conjugate to S is also per- 
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pendicular tothe optical axis: Displacement of plane S relative to the 
system will produce a corresponding displacement of plane S’. When 
plane S is very far, a further increase in its distance from the system 
will produce virtually no change in the position of plane S’. This 
signifies that as a result of removing plane 5 to infinity, plane S’ 
will be in a definite extreme position F’. Plane F’ coinciding with 
the extreme position of plane S’ is called the second (or back) focal 
plane of the optical system. We can say briefly that the second focal 
plane F’ is defined as a plane conjugate to plane Se perpendicular 
to the axis of the system and at infinity in the object space. 

The point of intersection of the second focal plane with the optical 
axis is known as the second (or back) focal point (focus) of the system. 


Fig. 16.13 


It is also designated by the letter F’. This point is conjugate to point 
P on the axis of the system at infinity. Rays emerging from P « 
form a beam parallel to the axis (see Fig. 16.13). When they leave 
the system, these rays form a beam converging at focal point F’. 
A parallel beam impinging on the system may leave it not in the 
form of a converging beam (as in Fig. 16.43), but in the form of a 
diverging one. Hence, what intersects at point F' will be not the 
actual rays that emerge, but their extensions in the reverse direction. 
Accordingly, the second focal plane will be in front (in the direction 
of the rays) of the system or inside it. yi ft 
The rays emanating from an infinitely remote point Q., not lying 
on the axis of the system form a parallel beam directed at an angle 
to the axis of the system. Upon emerging from the system, these rays 
form a beam converging at point Q’ belonging to the second focal 
plane, but not coinciding with focal point F’ (see point Q’ in Fig. 
16.13). It follows fromthe above that the image of an infinitely remote 
object will be in the-focal plane. 1 Birt 
If we remove plane S’ perpendicular to the axis to infinity 
(Fig. 16.14), its conjugate plane S will advance to its extreme posi- 
tion F called the first (or front) focal plane of the system. We can say 
for short that the first focal plane F isa plane conjugate to plane Sa 


Pod 
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perpendicular to the axis of the system and at infinity in the image 
space, 

The point of intersection of first focal plane F with the optical 
axis is called the first (or front) focal point (focus) of the system. 
This point is also designated by the symbol F. The rays emerging 
from focal point F form a beam of rays- parallel to the axis after leav- 
ing the system. The rays emerging from point Q belonging to focal 


Fig. 16.14 


plane F (see Fig. 16.14) form a parallel beam directed at an angle 
to the axis of the system after passing through the latter. It may 
happen that a beam which is Parallel upon leaving a system is ob- 
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(a) (0) 
Fig. 16.15 


tained when a converging beam of light falls on the system instead of 
a diverging one (as in Fig. 16.14). In this case, the first focal point 
is either beyond the system or inside it. 

Principal Planes and Points. Let us consider two conjugate planes 
at right angles to the optical axis of the system. Arrow y (Fig. 16.15) 
in one of these planes will have as its image arrow y’ in the other 
plane. It follows from axial symmetry of the system that arrows y 
and y’ must be in the same plane passing through the optical axis 
(in the plane of the drawing). The image y’ may be in the same direc- 
tion as object y (see Fig. 16.45a), or in the opposite direction (see 
Fig. 16.15). In the first case, the image is called erect, in the second— 
inverted. Segments laid off upward from an optical axis are considered 
to be positive, and those laid off downward—negative. The actual 
lengths of the segments are shown in drawings, i.e. the positive 
quantities (—y) and (—y') for negative segments. 
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The ratio of the linear dimensions of an image and an object is 

called the linear (longitudinal) or the lateral magnification. Designat- 
ing it by the symbol M, we can write 


mat (16.56) 


The linear magnification is an algebraic quantity. It is positive if 
the image is erect (the signs of y and y’ are the same) and negative 
if the image is inverted (the signs of y 
and y’ are opposite). 

We can prove that there are two con- 
jugate planes which reflect each other 
with a linear magnification of M =-++4. 
These planes are known as the princi- 
pal ones. The plane belonging to the 
object space is called the first (or front) 
principal plane of a system. It is des- 
ignated by the symbol H. The plane 
belonging to the image space is called 
the second (or back) principal plane. 
Its symbol 1s H’. The points of inter- 
section of the principal planes with 
the optical axis are called the prin- 
cipal points of the system (first and 
second, respectively). They are desig- 
nated by the same symbols H and HS 
Depending on the design of a system, ma 
its principal planes and points may Fig. 16. 


be either outside or inside the system. a 
One of the planes may be outside and the other inside a system. 


Finally, both planes may be outside a system at the same side of it. 
It can be seen from the definition of the principal planes that ray Z 
intersecting (actually—Fig. 16.162, or when virtually continued inside 
the system—Fig. 16.46) the first principal plane H at point Q has 
as its conjugate ray 1’ that intersects (directly or upon virtual con- 
tinuation) principal plane H’ at point Q’. The latter is in the same 
direction and at the same distance from the axis as point Q. This is 
easy to understand if we remember that Q and Q’ are conjugate points, 
and take into account that any ray passing through point Q must 
have as its conjugate a ray passing through point Q’. ety 
Nodal Planes and Nodal Points. Conjugate points N and N’ lying 
d having the property that the conjugate rays 
passing through them (actually or when imaginarily continued inside 
the system) are parallel to each other are called nodal points or nodes 
(see rays 1-7’ and 2-2’ in Fig. 46.17). Planes perpendicular to the 


on the optical axis an 
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axis and passing through the nodal points are called nodal planes 
(first and second). 

The distance between the nodal points always equals that between 
the principal points. When the optical properties of the media at 
both sides of the system are the same 
(i.e. n =n’), the nodal and principal points 
coincide. 

Focal Lengths and Optical Power of a Sys- 
tem. The distance from first principal point 
H to first focal point F is called the first 
focal length f of the system. The distance 
from H’ to F’ is known as the second focal 
length’. The focal lengths f and f’, are 
algebraic quantities. They are positive if a 
given focal point is at the right of the rel- 
evant principal point, and negative in the opposite case. For ex- 
ample, for the system shown in Fig: 16.18 (see below), the second 
focal length: f’ is positive, and the first focal length f is negative. 


Fig. 16.17 


Fig. 16.18 


The figure depicts the true length of HF, i.e. the positive quantity 
(—f) equal to the absolute value of f. 

We can show that the following relation holds between the focal 
lengths f and f" of a centered optical system formed by spherical 
refracting surfaces: 


(16.57) 


|= 


pee 
ie a 
where n is the refractive index of the medium in front of the optical 
system, and n’ is the refractive index of the medium behind the sys- 
tem. Examination of Eq. (16.57) shows that when the refractive indi- 
ces of the media at both sides of an optical system are the same, the 
focal lengths differ only in their sign: 

f =-f (16.58) 
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The quantity 
=r = (16.59) 


is known as the optical power of a system, When. P grows, the focal 
length f' diminishes, and, consequently, the rays are refracted by 
the optical system to a greater extent. The optical power is measured 
in dioptres (D). To obtain P in dioptres, the focal length in Eq. (16.59) 
must be taken in metres. When P is positive, the second focal length f’ 
is also positive; hence, the system produces a real image of an infi- 
nitely remote point—a parallel beam of rays is transformed into a 
converging one. In this case, the system is called converging. When P 
is negative, the image of an infinitely remote point will be virtual—a 
parallel beam of rays is transformed by the system into a diverging 
one. Such a system is called diverging. 

Formula of a System. We completely determine the properties of 
an optical system by setting its cardinal planes or poin ts. In parti- 
cular, knowing the position of the cardinal planes, we ¢an construct 
the optical image produced by a system. Let us tak® segment OP 
perpendicular to the optical, axis in the object space (Fig. 16.18, 
the nodal points are not shown in the figure). The position of this 
segment can be set either by the distance z measured from point F 
to point O, or by the distance s from H to O. The quantities z and s, 
like the focal lengths f and f’, are algebraic ones (their magnitudes 
are shown in figures). , 

Let us draw ray Z parallel to the optical axis from point P. It will 
intersect plane H at point A. In accordance with the properties of 
principal planes, ray 1’ conjugate to ray 7 must pass through point A 
of plane H’ conjugate to point A. Since ray 1 is parallel to the optical 
axis, then ray Z’ conjugate to it will pass through second focal point E 
Now let us draw ray 2 passing through the first focal point F from 
point P. It will intersect plane H at point B. Ray 2' conjugate to 
it will pass through point B’ of plane H’ conjugate to B and will be 
parallel to the optical axis. Point P’ of intersection of rays 1’ and 2 
is the image of point P. Image O'P’, like object OP, is perpendicular 
to the optical axis. p A 

The position of image O’P’ can be characterized either by the 
distance x’ from point F’ to point O’ or by the distance s from H 
to O'. The quantities z’ and s’ are algebraic ones. For the case shown 
in Fig. 16.18, they are positive. : j 

The quantity z’ determining the position of the image is related 
to the quantity z determining the position of the object and to the 
focal lengths f and f’. For the right triangles with a common apex 
at point F (see Fig. 16.18), we can write the relation 


si uate eea (16.60) 
HB —y' 
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Similarly, for the triangles with their common apex at point F’, 
we have 


H'A poor 

prt (16.61) 

Combining both relations, we find that (—z)/(—f) = f'/z', whence 
zz’ = ff! (16.62) 


This equation is known as Newton’s formula. For the condition that 
n =n’, Newton's formula has the form 


cz’ =—f (16.63) 
[see Eq. (16.57))}. 

It is easy to pass over from the formula relating the distances z 
and z’ to the object and to the image from the focal points of a system 
to a formula establishing the relation between the distances s and s’ 
from the principal points. A glance at Fig. 16.48 shows that (—z) = 
= (—s) — (—f) (ie. s =s— f) and z' =s' — jf’, Introducing 
these expressions for z and z’ into Eq. (16.62) and making the rele- 
vant transformations, we get 
tyLeu (16.64) 
When the condition is observed that f' =—f [see Eq. (46.58)], 
Eq. (16.64) is simplified as follows: 

enon See (46.65) 


& s Í 
Equations (16.62)-(16.65) are equations of a centered optical system. 


16.8. Thin Lens 


A lens is a very simple centered optical system. It is a transparent 
(usually glass) body bounded by two spherical surfaces* (in a parti- 


parison with the smaller of the radii of curvature of the surfaces bound- 
ing a lens, the latter is called thin. 

Calculations which we do not give here show that for a thin lens 
the principal planes H and H’ may be considered to coincide and 
pass through the centre O of the lens (Fig. 16.19). The following ex- 
pression is obtained for the focal lengths of a thin lens: 


7 n, RR, 
f= 2 25 og (16.66) 


* There are also lenses with surfaces having a more intricate shape. 
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where n = refractive index of the lens 
no = refractive index of the medium surrounding the lens 
R, and R, =radii of curvature of the lens surfaces. 

The radii of curvature must be treated as algebraic quantities: for 
a convex surface (i.e. when the centre of curvature is to the right of 
the apex), the radius of curvature 
must be considered positive, and for 
a concave surface (i.e. when the cen- 
tre of curvature is to the left of the 
apex) the radius must be considered 
negative. The magnitude of the ra- 
dius of curvature is shown in draw- 
ings, i.e. —R if R < 0. 

If the refractive indices of the 
media at both sides of a thin lens 
are the same, then the nodal points Fig. 16.19 
N and N’ coincide with the prin- 
cipal points, i.e. are at the centre O of the lens. Hence, in this case, 
any ray passing through the centre of the lens does not change its 
direction. If the refractive indices of the media before and after a 
lens are different, then the nodal points 
do not coincide with the principal 
points and a ray passing through the 
centre of the lens changes its direction. 

A parallel beam of rays after passing 
through a lens converges at a point on 
the focal plane (see point Q’ in Fig. 
16.20). To determine the position of 
this point, we must continue the ray 
passing through the centre of the lens 
up to its intersection with the focal 
plane (see ray 0Q' shown by a dash line). 
The other rays will gather at the point 
of intersection too. Such a method is 
suitable when the optical properties of 

Fig. 16.20 the medium at each side of a lens are 
identical (n =n’). Otherwise a ray pass- 

ing through the centre will change its direction. To find point Q’ in 
this case, we must know the position of the nodal points of the lens. 

We must note that the optical paths laid off along the rays, begin- 
ning at wave surface SS (see Fig. 16.20) and terminating at point Q 
are identical and are tautochronous (see the end of Sec. 16.6). 

In concluding, we must say that a lens is a far from ideal optical 
system. The images of objects it produces have a number of errors. 
But a consideration of them is beyond the scope of the present 


book. 
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16.9. Huygens’ Principle 


In the following two chapters, we shall have to do with processes 
taking place behind an opaque barrier with apertures when a light 
wave impinges on the barrier. In the approximation of geometrical 
optics, no light ought to penetrate beyond the barrier into the region 
of the geometrica] shadow. Actually, however, a light wave in prin- 
ciple propagates throughout the entire space behind the barrier and 
penetrates into the region of the geometrical shadow, this penetra- 
tion being the more noticeable, the smaller are the dimensions of 
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Fig. 16:21 Fig. 16.22 


the apertures. With a diameter of the apertures or a width of slits 
comparable with the length of a light wave, the approximation of 
geometrical optics is absolutely illegitimate. 

The behaviour of light behind a barrier with an aperture can be 
explained qualitatively with the aid of Huygens’ principle, named 
in honour of the Dutch physicist Christian Huygens (1629-1696) who 
discovered it. This principle establishes the way of constructing 
a wavefront at the moment of time ¢ + At according to the known 
position of the wavefront at the moment t. According to Huygens’ 
principle, every point on an advancing wavefront can be considered 
as a source of secondary wavelets, and the envelope of these wavelets 
defines a new wavefront (Fig. 16.21; the medium is assumed to be 
non-homogeneous—the velocity of the wave in the lower part of the 
figure is greater than in the upper one). 

Assume that a plane barrier with an aperture is struck by a wave- 
front parallel to it (Fig. 16.22). According to Huygens, every point 
on the portion of the wavefront bordering on the aperture is a centre 
of secondary wavelets which will be spherical in a homogeneous and 
isotropic medium. Constructing the envelope of these wavelets, we 
shall see that the wave penetrates beyond the aperture into the region 
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of the geometrical shadow (these regions are shown by dash lines in the 
figure), bending around the edges of the barrier. 

Huygens’ principle gives no information on the intensity of waves 
propagating in various directions. This shortcoming was eliminated 
by the French physicist Augustin Fresnel (1788-1827). The improved 
Huygens-Fresnel principle is treated in Sec. 18.1, where a physical 
substantiation of the principle is also given. 


CHAPTER 17 INTERFERENCE OF LIGHT 


17.1. Interference of Light Waves 


Let us assume that two waves of the same frequency, being super- 
posed on each other, produce oscillations of the same direction, name- 
ly, 

A, cos (wt + a); A, cos (wt + a) 
at a certain point in space. The amplitude of the resultant oscilla- 
tion at the given point is determined by the expression 


A? = A14 A? + 2A,A,'c08 8 


where ô = a, — a, [see Eq. (7.84) of Vol. I, p. 204]. 
If the phase difference 5 of the oscillations set up by the waves 
remains constant in time, then the waves are called coherent*. 
The phase difference ô for incoherent waves varies continuously 
and takes on any values with an equal probability.' Hence, the time- 
averaged value of cos 6 equals zero. Therefore 


(A?) = (Al) + (43) 


Taking into account Eq. (16.10), we thus conclude that the intensity 
observed upon the superposition of incoherent waves equals the sum 
of the intensities produced by each of the waves individually: 


es A A (17.4) 


For coherent waves, cos 6 has a time-constant value (but a differ- 
ent one for each point of space), so that 


T=1,+1,42VTIjcos8 (17.2) 


At the points of space for which cos ô >0, the intensity J will ex- 
ceed I, + J; at the points for which cos5 < 0, it will be smaller 
than J, + Ia Thus, the superposition of coherent light waves is 
attended by redistribution of the light flux in space. As a result, 
maxima of the intensity will appear at some spots and minima at 
others. This phenomenon is called the interference of waves. Inter- 
ference manifests itself especially clearly when the intensity of both 
interfering waves is the same: J, = J,. Hence, according to Eq. (17.2), 


a We shall discuss the concept of coherence in greater detail in the following 
section. 
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at the maxima J = 4J,, while at the minima J = 0. For incoherent 
waves in the same condition, we get the same intensity J = 2I, 
everywhere [see Eg. (47.1))}. 

It follows from what has been said above that when a surface is 
illuminated by several sources of light (for example, by two lamps), 
an interference pattern ought to be obseryed with a characteristic 
alternation of maxima and minima of intensity. We know from our 
everyday experience, however, that in this case the illumination of 


Fig. 17.4 Fig. 17.2 


the surface diminishes monotonously with an increasing distance from 
the light sources, and no interference pattern is observed. The expla- 
nation is that natural light sources are not coherent. 

The incoherence of natural light sources is due to the fact that the 
radiation of a luminous body consists of the waves emitted by many 
atoms. The individual atoms emit wave trains with a duration of 
about 10-* s and a length of about 3 m (see Sec. 16.1). The phase of 
a new train is not related in any way to that of the preceding one. 
In the light wave emitted by a body, the radiation of one group of 
atoms after about 10- s is replaced by the radiation of another group, 
and the phase of the resultant wave undergoes random changes. 

Coherent light waves can be obtained by splitting (by means of 
reflections or refractions) the wave emitted by a single source into 
two parts. If these waves are made to cover different optical paths 
and are then superposed onto each other, interference is. observed. 
The difference between the optical paths covered by the interfering 
waves must not be very great because the oscillations being added 
must belong to the same resultant wave train. If this difference will 
be of the order of one metre, oscillations corresponding to different 
trains will be superposed, and the phase difference between them will 
continuously change in a chaotic way. i 

Assume that the splitting into two coherent waves occurs at point O 
(Fig. 17.1). Up to point P, the first wave travels the path s, in a me- 
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dium of refractive index n,, and the second wave travels the path s, 
in a medium of refractive index n,. If the phase of oscillations at 
point O is wt, then the first wave will produce the oscillation 
A, cos w (t — s,/v,) at point P, and the second wave, the oscillation 
A, cos'w (t — 8,/v,) at this point; v, = c/n, and Ù, = c/n, are the 
phase velocities of the waves. Hence, the difference between the 
phases of the oscillations produced by the waves at point P will be 

ô=0 (#-+) => (ng, — ns) 
Replacing w/c with 2nv/e = 2n/hy (where A, is the wavelength in 
vacuum), the expression for the phase difference can be written in 
e form 


2n 
=z ô (17.3) 
where 
A = ns — 148, = L, — Ty (17.4) 


is a quantity equal to the difference between the optical paths trav- 
elled by the waves and is called the difference in optical path [com- 
pare with Eq. (16.55)]. 

A glance at Eq. (17.3) shows that if the difference in the optical 
path equals an integral number of wavelengths in a vacuum: 


A= mho (m=0, 4, 2,...) (17.5) 


then the phase difference 6 is a multiple of 2x, and the oscillations 
produced at point P by both waves will occur with the same phase. 
Thus, Eq. (17.5) is the condition for an interference maximum, i.e. 
for constructive interference. 

If A equals a half-integral number of wavelengths in a vacuum: 


A= (mS) i, (m=0, 4, 2, ...) (17.6) 


then 6 = + (2m + 1) x, so that the oscillations at point P are in 
counterphase. Thus, Eq. (17.6) is the condition for an interference 
minimum, i.e. for destructive interference. 

Let us consider two cylindrical coherent light waves emerging 
from sources S; and S, having the form of parallel thin luminous 
filaments or narrow slits (Fig. 17.2). The region in which these waves 
overlap is called the interference field. Within this entire region, there 
are observed alternating places with maximum and minimum inten- 
sity of light. If we introduce a screen into the interference field, we 
shall see on it an interference pattern having the form of alternating 
light and dark fringes. Let us calculate the width of these fringes, 
assuming that the screen is parallel to a plane passing through sources 
S, and S,. We shall characterize the position of a point on the screen 
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by the coordinate z measured in a direction at right angles to lines S, 
and S,. We shall choose the beginning of our readings at point O 
relative to which S, and S, are arranged symmetrically. We shall 
consider that the sources oscillate in the same phase. Examination 
of Fig. 17.2 shows that 


serrit aeret) 
Hence, 
83 — S? = (sp + S4) (S2— $1) = 22d 


It will be established somewhat later that to obtain a distinguish- 
able interference pattern, the distance between the sources d must 
be considerably smaller than the distance to the screen l. The dis- 
tance z within whose limits interference fringes are formed is also 
considerably smaller than J. In these conditions, we can assume that 
S + sı% 2l. Thus, s,— s, = zd/l. Multiplying s, — sı by the 
refractive index of the medium n, we get the difference in the optical 
path 


Aan (17.7) 


The introduction of this value of A into condition (17.5) shows that 
intensity maxima will be observed at values of z equal to 


Imax=t mh (m=0,1,2,...) (17.8) 


Here A = A9/n is the wavelength in the medium filling the space 
between the sources and the screen. 

Using the value of A given by Eq. (17.7) in condition (17.6), we 
get the coordinates of the intensity minima: 


Imaz (my) Ge (m=0,1,2,.-.) (17.9) 


Let us call the distance between two adjacent intensity maxima 
the distance between interference fringes, and the distance between 
adjacent intensity minima the width of an interference fringe. It can 
be seen from Eqs. (17.8) and (17.9) that the distance between fringes 
and the width of a fringe have the same value equal to 


Ar=4 A (17.40) 


According to Eq. (17.10), the distance between the fringes grows 
with a decreasing distance d between the sources. If d were compa- 
rable with J, the distance between the fringes would be of the same 
order as A, i.e. would be several scores of micrometres. In this case, 
the separate fringes would be absolutely indistinguishable. For an 
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interference pattern to become distinct, the above-mentioned con- 
dition d <1 must be observed, 

If the intensity of the interfering waves is the same (i, =1, =1,), 
then according to Eq. (47.2) the resultant intensity at the points 
for which the phase difference is 6 is determined by the expression 


I=2I,(1+ cos 8) = 4r cos? È 


Since ô is proportional to A [see Eq. (17.3)], then in accordance with 
Eq. (17.7) & grows proportionally to z. Hence, the intensity varies 


gation make the angle 2ọ (Fig. 17.3). We 
irections of oscillations of the light vector 
are perpendicular to the plane of the drawing. The wave vectors k; 
and k, are in the plane of the drawing and have the same magnitude 
equal to k = 2z/\. Let us write the equations of these waves: 


Acos (@t—k,r) = A cos (wt—k sin Q-z—kcosg-y) 
Acos (at—k,r) = A cos (ot-+ksin p-x—k cos p-y) 


The resultant oscillation at Points with the coordinates x and y 
has the form 


A cos (wt—ksin@-2—keos@-y) + Acos (wt + ksing-z—keos9-y) = 
= 24 cos (k sin @- 2) cos (@t—kcos@-y) (17.14) 
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It follows from this equation that at points where k sin g-z = 
=-tmn (m =0, 1, 2, ...), the amplitude of the oscillations 


is 2A; where k sin g-z = + (m 4- $) x, the amplitude of the oscil- 


lations is zero. No matter where we place screen Sc, which is per- 
pendicular to the y-axis, we shall observe on it a system of alternat- 
ing light and dark fringes parallel to the z-axis (this axis is perpen- 
dicular to the plane of the drawing). The coordinates of the intensity 
maxima will be 


mn mh 
tmax=+f5ing + Dang (17.12) 


Only the phase of the oscillations depends on the position of the 
screen (on the coordinate y) [see Eq. (17.11)]. 

We have assumed for simplicity that the initial phases of inter- 
fering waves are zero. If the difference between these phases is other 
than zero, a.constant addend will appear in Eq. (17,12)—the fringe 
pattern will move along the screen. 


17.2. Coherence 


By coherence is meant the coordinated proceeding of several oscil- 
latory or wave processes. The degree of coordination may vary. 
We can accordingly introduce the concept of the degree of coherence 
of two waves, 

Temporal and spatial coherence are distinguished. We shall begin 
with a discussion of temporal coherence. 

Temporal Coherence. The process of interference described in the 
preceding section is idealized. This process is actually much more 
complicated. The reason is that a monochromatic wave described 


by the expression 
A cos (wt — kr + @) 


where A, œ, and œ are constants, is an abstraction. A real light wave 
is formed by the superposition of oscillations of all possible frequen- 
cies (or wavelengths) confined within a more or less narrow but finite 
range of frequencies Ao (or the corresponding range of wavelengths 
AA). Even for light considered to be monochromatic (single-coloured), 
the frequency interval Ao is finite*. In addition, the amplitude of 
the wave A and the phase a undergo continuous random (chaotic) 
changes with time. Hence, the oscillations produced at a certain point 
of space by two superposed light waves have the form 
A, (#) cos [a (t)-t + % l; A, (t) cos los (8)-t + Oe (t)) (17.13) 
* The spectral lines emitted by atoms have a “natural” width of the order of 
108 rad/s (AN~ 10-4A). 
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the chaotic changes in the functions A, (t), @; (t); & (2), Aa (t), 
© (t), and a, (t) being absolutely independent. 

We shall assume for simplicity’s sake that the amplitudes A, 
and A, are constant. Changes in the frequency and phase can be re- 
duced either to a change only in the phase, or toa change only in the 
frequency. Let us write the function 


f(t) =A cos [o (t)-t +a (t)) (17.14) 
in the form 
Í (t) =A cos {wot + lo (t) — ool t +a (t)} 


where œọ is a certain average value of the frequency, and introduce 
the notation [w (t) — wo] t +a (t) =a’ (t). Equation (17.14) will 
thus become 

f(t) = A cos [wot +.’ .(t)] (47.15) 


We have obtained a function in which only the phase of the oscilla- 
tion changes chaotically. 

On the other hand, it is proved in mathematics that an inharmonic 
function, for example, function (17.14), can be represented in the 
form of the sum of harmonic functions with frequencies confined within 
a certain interval Aw [see Eq. (17.16)]. 

Thus, when considering the matter of coherence, two approaches 
are possible: a “phase” one and a “frequency” one. Let us begin with 
the phase approach. Assume that the frequencies œ, and œ, in Eqs. 
(17.13) satisfy the condition ®, = @, = const. Now let us find the 
influence of a change in the phases a and a. According to Eq. (17.2), 
with our assumptions, the intensity of light at a given point is deter- 
mined by the expression 


1=1,+],4+2V Tyl,008 8 (t) 


where ô (t) = ae (t) — a, (t). The last addend in this equation is 
called the interference term. 

An instrument that can be used to observe an interference pattern 
(the eye*, a photographic plate, etc.) has a certain inertia. In this 
Connection, it registers a pattern averaged over the time interval 
timetr needed for “operation” of the instrument. If during the time 
tinstr the factor cos 6 (¢) takes on all the values from —1 to +4, the 
average value of the interference term will be zero. Therefore, the 
intensity registered by the instrument will equal the sum of the 
intensities produced at a given point by each of the waves separately— 
interference is absent, and we are forced to acknowledge that the 
waves are incoherent. 


* We remind our reader that the showing of motion picture films is based on 
the inertia of visual perception, which is about 0.4 second. 
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If during the time tinstr, however, the value of cos ô (t) remains 
virtually constant*, the instrument will detect interference, and 
the waves must be acknowledged as coherent. 

It follows from the above that the concept of coherence is relative: 
two waves can behave like coherent ones when observed using one 
instrument (having a low inertia), and like incoherent ones when 
observed using another instrument (having a high inertia). The coher- 
ent properties of waves are characterized by introducing the coher- 
ence time fon. It is defined as the time during which a chance 
change in the wave phase œ (t) reaches a value of the order of x. 
During the time teon, an oscillation, as it were, forgets its initial 
phase and becomes incoherent with respect to itself. 

Using the concept of the coherence time, we can say that when the 
instrument time is much greater than the coherence time of the super- 
posed waves (tinstr >> tcon), the instrument does not register inter- 
ference. When finstr toon, the instrument will detect a sharp 
interference pattern. At intermediate values of ¢ instr, the sharpness 
of the pattern will diminish as żınstr grows from values smaller than 
teon to values greater than it. 

The distance leon = Ctcon over Which a wave travels during the time 
tecon is called the coherence length (or the train length). The coherence 
length is the distance over which a chance change in the phase reaches 
a value of about x. To obtain an interference pattern by splitting 
a natural wave into two parts, it is essential that the optical path 
difference A be smaller than the coherence length. This requirement 
limits the number of visible interference fringes observed when using 
the layout shown in Fig. 17.2. An increase in the fringe number m 
is attended by a growth in the path difference. As a result, the sharp- 
ness of the fringes becomes poorer and poorer. 

Let us pass over to a consideration of the part of the non-monochro- 
matic nature of light waves. Assume that light consists of a sequence 
of identical trains of frequency œo and duration t. When one train is 
replaced with another one, the phase experiences disordered changes. 
As a result, the trains are mutually incoherent. With these assump- 
tions, the duration of a train T virtually coincides with the coherence 
time tcon- $ ; 

In mathematics, the Fourier theorem is proved, according to which 
any finite and integrable function F (t) can be represented in the 
form of the sum of an infinite number of harmonic components with 


a continuously changing frequency: 
+00 
F(t)= f A (0) edo (47.16) 


a difference ô (t) varies for different points of space. The influence 
of the meant tert ar fests itself at the points where it differs from zero. 


23* 
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Expression (17.16) is known as the Fourier integral. The function 
A (wo) inside the integral is the amplitude of the relevant monochro- 
matic component. According to the theory of Fourier integrals, the 
analytical form of the function A (o) is determined by the expression 


+00 
A(o)=2n fF) e=iot ak (17.47) 


where Ẹ is an auxiliary integration variable. 

Assume that the function F (t) describes a light disturbance at a 
certain point at the moment of time ¢ due to a single wave train. 
Hence, it is determined by the conditions 

F (t) = Ag exp (int) at |t] <> 
F(t)=0 at |t] > 


A graph of the real part of this function is given in Fig. 17.4, 


F(t) 


+02 
Fig. 47.4 


Outside the interval from —z/2 to +1/2, the function F (t) is 
zero. Therefore, expression (17.17) determining the amplitude of the 
harmonic components has the form 


+1/2 
A(w)==2n | (Apexp (ioo) exp (—io8) dé = 
=1/2 
+1/2 
i (p—) §] |+*?2 


= 2nAy f [exp i (oo— o) §] d= 214o ot 


ste (@p—) -1/2 


After introducing the integration limits and simple transformations, 
we arrive at the equation 


par sin [(@ — @,) 1/2] 
AON Rae AT a 
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The intensity J (@) of a harmonic wave component is proportional 
to the square of the amplitude, i.e. to the expression 


in? [f0 — 09) +2 
jo) =e (17.18) 


A graph of function (47.48) is shown in Fig. 17.5. A glance.at the 
figure shows that the intensity of the components whose frequencies 


Fig. 17.5 


are within the interval of width Ao = 2n/t considerably exceeds 
the intensity of the remaining components. This circumstance allows 
us to relate the duration of a train t to the effective frequency range 


Aw of a Fourier spectrum: 


pr ajc 
“Bo Av 


Identifying t with the coherence time, we arrive at the relation 
teon ~ Ep (47.19) 
(The sign ~ stands for “equal to in the order of magnitude”). 

It can be seen from expression (17.19) that the broader the interval 
of frequencies present in a given light wave, the smaller is the co- 
herence time of this wave. 

The frequency is related to the wavelength in a vacuum by the 
expression v = c/Ap. Differentiation of this expression yields Av = 
= cA lA aœ CAAA (we have omitted the minus sign obtained in 
differentiation and also assumed that Ao œ A). Substituting for Av 
in Eq. (17.19) its expression through A and AA, we obtain the fol- 
lowing expression for the coherence time: 


M 
teon ~ AE (47.20) 
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Hence, we get the following value for the coherence length: 
a2 
leon = Cleon ~ -i7 (17.24) 


Examination of Eq. (17.5) shows that the path difference at which 

a maximum of the m-th order is obtained is determined by the relation 
An = tm, = +mh 

When this path difference reaches values of the order of the coherence 


Fig. 17.6 


length, the fringes become indistinguishable. Consequently, the 
extreme interference order observed is determined by the condition 

aa 
Mextrd ~ leoh ~ ve 


whence 
mai ~ (17.22) 


It follows from Eq. (17.22) that the number of interference fringes 
observed according to the layout shown in Fig. 17.2 grows when 
the wavelength interval in the light used diminishes. 

Spatial Coherence. According to the equation k = w/v = no/c, 
scattering of the frequencies Aq results in scattering of the values of 
k. We have established that the temporal coherence is determined 
by the value of Aa. Consequently, the temporal coherence is asso- 
ciated with scattering of the values of the magnitude of the wave 
vector k. Spatial coherence is associated with scattering of the direc- 
tions of the vector k that is characterized by the quantity Ae,. 

The setting up at a certain point of space of oscillations produced 
by waves with different values of e, is possible if these waves are 
emitted by different sections of an extended (not a point) light source. 
Let us assume for simplicity’s sake that the source has the form of 
a disk visible from a given point at the angle @. It can be seen from 
Fig. 17.6 that the angle @ characterizes the interval confining the 
unit vectors e,. We shall consider that this angle is small. 

Assume that the light from the source falls on two narrow slits 
behind which there is a screen (Fig. 17.7). We shall consider that 
the interval of frequencies emitted by the source is very small. This 
is needed for the degree of temporal coherence to be sufficient for 
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obtaining a sharp interference pattern. The wave arriving from the 
section of the surface designated in Fig. 17.7 by O produces a zero- 
order maximum M at the middle of the screen. The zero-order maxi- 
mum M’ produced by the wave arriving from section O’ will be dis- 
placed from the middle of the screen by the distance x’. Owing to the 
smallness of the angle @ and of the ratio d/l, we can consider that 


Fig. 17.7 


x’ = lọ/2. The zero-order maximum M” produced by the wave arriv- 
ing from section O” is displaced in the opposite direction from the 
middle of the screen over the distance z” equal to x’. The zero-order 
maxima from the other sections of the source will be between the 
maxima M’ and M”. 

The separate sections of the light source produce waves whose phases 
are in no way related to one another. For this reason, the interference 
pattern appearing on the screen will be a superposition of the pat- 
terns produced by each section separately. If the displacement 2’ 
is much smaller than the width of an interference fringe Ax = lld 
[see Eq. (17.10)], then the maxima from different sections of the 
source will practically be superposed on one another, and the pattern 
will be like one produced by a point source. When x’ x Az, the 
maxima from some sections will coincide with the minima from others, 
and no interference pattern will be observed. Thus, an interference 
pattern will be distinguishable provided that 2’ < Az, i.e. 


lọ Ih m 
TaT (17.23) 
or 
ud 4 
ọ< ER (17.24) 


We have omitted the factor 2 when passing over from expression 
(17.23) to (17.24). 
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Formula (17.24) determines the angular dimensions of a source 
at which interference is observed. We can also use this formula to 


a<+ (17.25) 


A collection of waves with different values of e, can be replaced 
with the resultant wave falling on a screen with slits. The absence 
of an interference pattern signifies that the oscillations produced by 
this wave at the places where the first and second slits are situated 
are incoherent. Consequently, the. oscillations in the wave itself at 
points at a distance d apart are incoherent too. If the source were 
ideally monochromatic (this means that Av —0 and toon = œ), 
the surface passing through the slits would be a wave one, and 
the oscillations at all the points of this surface would occur in the 


quently, oscillations produced by a wave at adequately. close points 
of a pseudowave surface are coherent. Such coherence is called spatial. 

Thus, the phase of an oscillation changes chaotically when passing 
from one point of a pseudowave surface to another. Let. us introduce 
the distance Peon, upon displacement by which along a pseudowave 
surface a random change in the phase reaches a value of about m. 


tance Poon is called the spatial coherence length or the coherence radius. 
It can be seen from expression (17.25) that 


Peon ~ (17.26) 

The angular dimension of the Sun is about 0.01 radian, and the 
length of its light waves is about 0.5 um. Hence, the coherence radius 
of the light waves arriving from the Sun has a value of the order of 


Peon = pyr = 50 um =0.05 mm (17.27) 


* It must be borne in mind that this term is not used in scientific publica- 
tions. The author has coined it for conditional use only to make the treatment 
more illustrative. 
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The entire space occupied by a wave can be divided into parts in 
each of which the wave approximately retains coherence. The volume 
of such a part of space, called the coherence volume, in its order of 
magnitude equals the product of the temporal coherence length 
and the area of a circle of radius Peoh: 

The spatial coherence of a light wave near the surface of the heated 
body emitting it is restricted by a value of peon of only a few wave- 
lengths. With an increasing distance from the source. the degree of 
spatial coherence grows. The radiation of a laser* has an enormous 
temporal and spatial coherence. At the outlet opening of a laser, 
spatial coherence is observed throughout the entire cross section of 
the light beam. 

It would seem possible to observe interference by passing light 
propagating from an arbitrary source through two slits in an opaque 
screen. With a small spatial coherence of the wave falling on the 
slits, however, the beams of light passing through them will be inco- 
herent, and an interference pattern will be absent. The English 
scientist Thomas Young (1773-4829) in 1802 obtained interference 
from two slits by increasing the spatial coherence of the light falling 
on the slits. Young achieved such an increase by first passing the 
light through a small aperture in an opaque screen. This light was 
used to illuminate the slits in a second opaque screen. Thus, for the 
first time in history, Young observed the interference of light waves 
and determined the lengths of these waves. 


17.3. Ways of Observing the Interference 
of Light 


Let us consider two concrete interference layouts of which one 
uses reflection for splitting a light wave into two parts, and the other 
refraction of light. f 

Fresnel’s Double Mirror. Two plane contacting mirrors OM and 
ON are arranged so that their reflecting surfaces form an obtuse angle 
close to x (Fig. 17.8). Hence, the angle ọ in the figure is very small. 
A straight light source S (for example, a narrow luminous slit) is 
placed parallel to the line of intersection of the mirrors O (perpen- 
dicular to the plane of the drawing) at a distance r from it. The mir- 
rors reflect two cylindrical coherent waves onto screen Se, They 
propagate. as if they were emitted by virtual sources S, and So 
Opaque screen Sc, prevents the direct propagation of the light from 
source S§ to screen Sc. 

Ray OQ is the reflection of ray SO from mirror OM, and ray OP 
is the reflection of ray SO from mirror ON. It is easy to see that the 


* Lasers will be treated in Vol. III of our course. 
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angle between rays OP and OQ is 29. Since S and S} are symmetrical 
relative to OM, the length of segment OS, equals OS, i.e. r. Similar 
reasoning leads to the same result for segment OS. Thus, the distance 
between sources S, and S, is 

d =2rsin 9 = 2rp 
Inspection of Fig. 17.8 shows that a =r cos Q =r. Hence, 

l=r+b 

where b is the distance from the line of intersection of the mirrors O 
to screen Sc. 


Using the values of d and / we have found in Eq. (47.10), we obtain 
the width of an interference fringe 


b 
z= iba (17.28) 


The region of wave overlapping PQ has a length of 2b tan Q & 2bg. 
Dividing this length by the width of a fringe Az, we find the maxi- 


Fig. 17.8 


mum number of interference fringes that can be observed with the 
aid of Fresnel’s double mirror at the given parameters of a layout: 


_ _ 4brg 
N= Tea (17.29) 
For all these fringes to be visible indeed, it is essential that N/2 
be not greater than Mestr determined by expression (17.22). 
Fresnel’s Biprism. Two prisms with a small refracting angle 0 
made from a single piece of glass have one common face (Fig. 17.9). 
A straight light source S is arranged parallel to this face at a distance 
a from it. 
It can be shown that when the refracting angle @ of the prism is 
very small and the angles of incidence of the rays on the face of the 
prism are not very great, all the Tays are deflected by the prism 
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through a practically identical angle equal to 
ọ =(n—1)6 
(n is the refractive index of the prism). The angle of incidence of 


the rays on the biprism isnot great. Therefore, all the rays are deflect- 
ed by each half of the biprism through the same angle. As a result, 


Fig. 17.9 


two coherent cylindrical waves are formed emerging from virtual 
sources S, and S, in the same plane as S. The distance between the 
sources is 

d = 2a sin 9 © 2ag = 2a (n — 1) 0 


The distance from the sources to the screen is 


l=a +b 
We find the width of an interference fringe by Eq. (17.10): 
may (17.30) 


Ave Presi 
The region of overlapping of the waves PQ has the length 
2b tan ọ © 2bp = 2b (n — 1) 0 
The maximum number of fringes observed is 


__ hab (n—1)202 17.31 
N= ( ) 


17.4. Interference of Light Reflected 
from Thin Plates 
When a light wave falls on a thin transparent plate (or film), re- 


i is the pro- 
flection occurs from both surfaces of the plate. The result is 
duction of two light waves that in known conditions can interfere. 
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Assume that a plane light wave which can be considered as a paral- 
lel beam of rays falls on a transparent plane-parallel plate (Fig. 17.10). 
The plate reflects upward two parallel beams of light. One of them 
was formed as a result of reflection from the top surface of the plate, 
and the second as a result of reflection from its bottom surface (in 
Fig. 17.10 each of these beams is represented by only one ray). The 


Fig. 17.10 


second beam is refracted when it enters the plate and leaves. it. 
In addition to these two beams, the plate throws upward beams pro- 
duced as a result of three-, five-fold, etc. reflection from the plate 
surfaces. Owing to their small intensity, however, we shall take 
no account of these beams*. We shall also display no interest in the 
beams passing through the plate. 

The path difference acquired by rays Z and 2 before they meet at 


point C is 
= NS, — & (17.32) 


where s, = length of segment BC 
Sq = total length of segments AO and OC 
n = refractive index of the plate. 
We assume that the refractive index of the medium surrounding 
the plate is unity. A glance at Fig. 17.10 shows that sı =2b tan 0, X 
x sin 6,, and s, =2b/cos 0, (here b is the thickness of the plate). 


* At n = 1.5, about 5% of the incident luminous flux is reflected from the 
surface of the plate (see the last paragraph of Sec. 16.3). After two reflections, 
the intensity will be 0.05 x 0.05 or 0.25% of the intensity of the initial beam. 
After three reflections, the relevant figure is 0.05 x 0.05 X 0.05, or 0.0125%, 
which is 1/400 of the intensity of the singly reflected beam. 
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Using these values in Eq. (17:32), we get 


2bn 
cos 0, 


— 2b tan Opsin 8, — 2b 2273n Basing, 
sd i n COS Og 


A= 
Substituting sin 6, for n sin @, and taking into account that 
ncos 0, = Vn? —n? sin? 0, = V n?—sin? 6, 
it is easy to give the equation for A the form 
A= 2b V n?—sin? 0, (17.33) 


When calculating the phase difference 6 between the oscillations 
in rays J and 2, it is necessary, in addition to the optical path differ- 
ence A, to take into account the possibility of a change in the phase 
of the wave upon reflection (see Sec. 16.3). At point A (see Fig. 17.10), 
reflection occurs from the interface between the optically less dense 
medium and the optically denser one. Consequently, the wave phase 
experiences a change by x. At point O, reflection occurs from the 
interface between the optically denser medium and the optically less 
dense one so that there is no jump in the phase. Hence, an additional 
phase difference equal to 1 is produced between rays 7 and 2. It can 
be taken into account by adding to A (or subtracting from it) half 
a wavelength in a vacuum. The result is 


A=2bV sin, 72 (17.34) 


Thus, when a plane wave falls on the plate, two reflected waves 
are formed, and their path difference is determined by Eq. (17.34). 
Let us determine the conditions in which these waves will be cohe- 
rent and can interfere. We shall consider two cases. 

1. A Plane-Parallel Plate. Both plane reflected waves propagate in 
one direction making an angle equal to the angle of incidence 6, 
with a normal to the plate. These waves can interfere if conditions 
of both temporal and spatial coherence are observed. À 

For temporal coherence to take place, the path difference given by 
Eq. (17.34) must, not exceed the coherence length equal to M/A) x% 
a A3/Aho: [see expression (17.24)]. Consequently, the condition 


— A 
-2b V n?—sin? 0, — x < A 
or 
b< Ao (Ào/ Aho + 1/2) 
2 y n®—sin* 0; 


must be observed. In the obtained relation, we may disregard 1/2 
in comparison with Ao/Ad. The expression V n? — sin? 0, has a mag- 
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nitude of the order of unity*. We can therefore write 
b< k (17.35) 
(the double plate thickness must be less than the coherence lèngth). 
Thus, the reflected waves will be coherent only if the plate thick- 
ness b does not exceed the value determined by expression (17.35). 
Assuming that A, = 5000 A and AA, = 20 A, we get the extreme 

value of the thickness equal to 

er ~ 6 x 10° A = 0.06 mm (17.36) 
Now let us consider the conditions for observance of spatial cohe- 
rence. Let us place screen Sc in the path of the reflected beams 


Fig. 17.14 


(Fig. 17.11). Rays Z’ and 2’ arriving at point P’ will be at a distance 
p' apart in the incident beam. If this distance does not exceed the 
coherence radius Peon of the incident wave, rays 7’ and 2' will be 
coherent and will produce at point P’ an illumination determined by 
the value of the path difference A corresponding to the angle of inci- 
dence 6j. The other pairs of rays travelling at the same angle 0; 
will produce the same illumination at the other points of the screen. 
The screen will thus be uniformly illuminated (in the particular case 
when A = (m + 1/2) Ao, the screen will be dark). When the inclination 
of the beam is changed (i.e. when the angle 0, is changed), the illu- 
mination of the screen will change too. 

A glance at Fig. 17.10 shows that the distance between the incident 
rays J and 2 is 


p= ee cos O= m (17.37) 
im 1 


* For n = 1.5, the magnitude of this expression varies within the limits from 
1.12 (at 6, = 7/2) to 1.5 (at @, = 0). 
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If we assume that n = 4.5, then for 6, = 45° we get p = 0.8), and 
for 6, = 10° we get p = 0.1b. For normal incidence (0, = 0), we have 
p =0 at any n. 

The coherence radius of sunlight has a value of the order of 0.05 mm 
[see Eq. (17.27)]. At an angle of incidence of 45°, we may assume 
that p ~ b. Hence, for interference to occur in these conditions, the 


relation 
b < 0.05 mm (17.38) 


must be observed [compare with Eq. (17.36)]. For an angle of inci- 
dence of about 10°, spatial coherence will be retained at a plate thick- 
ness not exceeding 0.5 mm. We thus arrive at the conclusion that 


Fig. 1712 


owing to the restrictions imposed by temporal and spatial coherence, 
interference is observed when a plate is illuminated by sunlight 
only if the thickness of the plate does not exceed a few hundredths 
of a millimetre. Upon illumination with light having a greater de- 
gree of coherence, interference is also observed in reflection from 
thicker plates or films. y 7 
Interference from a plane-parallel plate is observed in practice 
by placing in the path of the reflected beams a lens that gathers the 
Tays at one of the points of the screen in the focal plane of the lens 
(Fig. 17.12). The illumination at this point depends on the value of 
quantity (17.34). When A = mio, we get maxima, and when A = 


= ( m+ +) A—minima of the intensity (m is an integer). The con- 
dition for the maximum intensity has the form 
2b V8 sinD, = (m+) ho (17.39) 


Assume that a thin plane-parallel plate is illuminated by diffuse 
monochromatic light (see Fig. 17.12). Let us arrange a lens parallel 
to the plate and put a screen in the focal plane of the lens. Diffuse 
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light contains rays of the most diverse directions. The rays parallel 
to the plane of the drawing and falling on the plate at the angle 6; 
after reflection from both surfaces of the plate will be gathered by 
the lens at point P’ and will set up at this point an illumination 
determined by the value of the optical path difference. Rays propa- 
gating in other planes but falling on the plate at the same angle 6; 
will be gathered by the lens at other points at the same distance as 
point P’ from centre O of the screen. The illumination at all these 
points will be the same. Thus, the rays falling on the plate at the 
same angle 0; will produce on the screen a collection of identically 
illuminated points arranged along a circle with its centre at O. 
Similarly, the rays falling at a different angle 67 will produce on the 
screen a collection of identically (but different in value because A 
is different) illuminated points arranged along a circle of another 
radius. The result will be the appearance on the screen of a system 
of alternating bright and dark circular fringes with a common centre 
at point O. Each fringe is formed by the rays falling on the plate at 
the same angle 0,. This is why interference fringes produced in such 
conditions are known as fringes of equal inclination. When the lens 
is arranged differently relative to the plate (the screen must coin- 
cide with the focal plane of the lens in all cases), the fringes of equal 
inclination will have another shape. 

Every point of an interference pattern is due to rays which formed 
a parallel beam before passing through the lens. Hence, in observing 
fringes of equal inclination, the screen must be placed in the focal 
plane of the lens, i.e. in the same way in which it is arranged to pro- 
duce an image of infinitely remote objects on it. Accordingly, fringes 
of equal inclination are said to be localized at infinity. The part of 
the lens can be played by the crystalline lens, and that of the screen 
by the retina of the eye. In this case for observing fringes of equal 
inclination, the eye must be accommodated as when looking at very 
remote objects. 

According to Eq. (17.39), the position of the maxima depends on 
the wavelength A). Therefore, in white light, we get a collection of 
fringes displaced relative to one another and formed by rays of differ- 
ent colours; the interference pattern acquires the colouring ofa rain- 
bow. The possibility of observing an interference pattern in white 
light is determined by the ability of the eye to distinguish light 
tints of close wavelengths. The average human eye perceives rays 
differing in wavelength by less than 20 A as having the same colour. 
Therefore, to assess the conditions in which interference from plates 
can be observed in white light, we must assume that Año equals 20 A. 
We took exactly this value in assessing the thickness of a plate [see 
Eq. (17.36)]. 

2. Plate of Varying Thickness. Let us take a plate in the form of 
a wedge with an apex angle of (Fig. 17.13). Assume that a parallel 
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beam of rays falls on it. Now the rays reflected from different surfaces 
of the plate will not be parallel. Two rays that practically merge 
before falling on the plate (in Fig. 17.13 they are depicted in the form 
of a single straight line designated by the figure 1’) intersect after 
reflection at point Q'. The two rays 7” practically merging intersect 
at point Q” after reflection. It can be shown that points Q’, Q” and 
other points similar to them lie in one plane passing through apex O of 
the wedge. Ray J’ reflected from the bottom surface of the wedge and 


Fig. 17.13 


ray 2’ reflected from its top surface will intersect at point R’ that is 
closer to the wedge than Q’. Similar rays 7’ and 3’ will intersect at 
point P’ that is farther from the wedge surface than Q’. 

The directions of propagation of the waves reflected from the top 
and bottom surfaces of the wedge do not coincide. Temporal cohe- 
rence will be observed only for the parts of the waves reflected from 
places of the wedge for which the thickness satisfies condition (17.35). 
Assume that this condition is observed for the entire wedge. In addi- 
tion, assume that the coherence radius is much greater than the wedge 
length. Hence, the reflected waves will be coherent in the entire space 
over the wedge, and no matter at what distance from the wedge the 
screen is, an interference pattern will be observed on it in the form 
of fringes parallel to the wedge apex O (see the last three paragraphs 
of Sec. 17.1). This, particularly, is how matters are when a wedge is 
illuminated by light emitted by a laser. 

With restricted spatial coherence, the region of localization of the 
interference pattern (i.e. the region of space in which an interference 
pattern can be seen on a screen placed in it) will be restricted too. 
If we arrange a screen so that it passes through points Q’, Q”, -.. 
(see screen Sc in Fig. 17.13), an interference pattern will appear on it 
even if the spatial coherence of the falling wave is extremely small 
(rays that coincided before falling on the wedge will intersect at 
points on the screen). At a small wedge angle 9, the path difference 
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Fig. 17.14 


Each of these fringes is produced as a result of reflection from sections 
of the wedge having the same thickness. This is why they are known 


ishes when the screen is at Position Sc”. 
Thus, the interference pattern produced when a plane wave is 
reflected from a wedge is localized in a certain Legion near the surface 


only for the thinner part of the wedge. For its remaining part, the 
screen will be uniformly illuminated. 

Practically, fringes of equal thickness are observed by placing 
a lens near a wedge, and a screen behind the lens (Fig. 17.14). The 
part of the lens can be played by the crystalline lens, and of the screen 
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by the retina of the eye. If the screen behind the lens is in a plane 
conjugated with the plane designated by Sc in Fig. 17.13 (the eye is 
accordingly accommodated to this plane), the pattern will be most 
distinct. When the screen onto which the image is projected is moved 
(or when the lens is moved), the pattern will become less distinct and 
will vanish completely if the plane conjugated with the screen passes 
beyond the limits of the region of localization of the interference 
pattern observed without a. lens. 

When observed in white light, the fringes will be coloured, so that 
the surface of a plate or film will have rainbow colouring. For exam- 
ple, thin films of oil on the surface of wat- 
er and soap films have such colouring. 
The temper colours appearing on the sur- 
face of steel articles when they are hard- 
ened are also due to interference from a 
film of transparent oxides. 

Let us compare the two cases of inter- 
ference upon reflection from thin films 
which we have considered. Fringes of 
equal inclination are obtained when a 
plate of constant thickness (b= const) is 
illuminated by diffuse light containing 
rays of various directions (@, is varied with- 
in more or less broad limits). Fringes of 
equal inclination are localized at infinity. Fig. 47.45 
Fringes of equal thickness are observed 
when a plate of varying thickness (b varies) is illuminated by a parallel 
beam of light, (0; = const). Fringes of equal thickness are localized 
near the plate. In real conditions, for example, when observing rain- 
bow colours on a soap or oil film, both the angle of incidence of the 
rays and the thickness of the film are varied. In this case, fringes of 
a mixed type are observed. 

We must note that interference from thin films can be observed 
not only in reflected, but also in transmitted light. $ 

Newton’s Rings. A classical example of fringes of equal thickness 
are-Newton’s rings. They are observed when light is reflected from 
a thick plane-parallel glass plate in contact with a plano-convex 
lens having a large radius of curvature (Fig, 17.15). The part of a 
thin film from whose surfaces coherent waves are reflected is played 
by the air gap between the plate and the lens (owing to the great thick- 
ness of the plate and the lens, no interference fringes appear as a re- 
sult of reflections from other surfaces). With normal incidence of the 
light, fringes of equal thickness have the form of concentric rings, 
and with inclined incidence, of ellipses. Let us find the radii of New- 
ton’s rings produced when light falls along a normal to the plate. In 
this. case, sin 8, = 0, and the optical path difference equals the double 


Rb 
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thickness of the gap [see Eq. (17.33), it is assumed that n — 1 in 
the gap]. It follows from Fig. 17.45 that 


FR? = (R— db) +r = R?— 2Rb 4+ 78 (17.40) 


where R = radius of curvature of the lens 
r = radius of a circle with the identical gap b corresponding 
to all of its points. 

Owing to the smallness of b, in expression (17.40) we have disre- 
garded the quantity b? in comparison with 2Rb. In accordance with 
expression (17.40), b =r?/2R. To take account of the change in 
the phase by 7 occurring upon reflection from the plate, we must add 
4/2 to 2b =r/R. The result is 

= do 
A= t S y (17.44) 

At points for which A = m'à, = 2m’ (Ao/2), maxima appear, 
and at points for which A= ( m’ ++) ho. = (2m’ + 4) (Ag/2), mini- 
ma of the intensity. Both conditions can be combined into the single 
one 

do 


4=m> 


maxima corresponding to even values of m,and minima of the inten- 
sity, to odd values. Introducing into this expression Eq. (17.41) 
for A and solving the resulting equation relative to r, we find the 
radii of bright and dark Newton’s rings: 


r= y aa (m=4, 2,3, ...) (17.42) 


Radii of bright rings correspond to even m’s, and radii of dark rings 
to odd ones. The value r = 0 Corresponds to m = 1, i.e. to the point 
at the place of contact of the plate and the lens. A minimum of inten- 
sity is observed at this point. It is due to the change in the phase by 
a when a light wave is reflected from the plate. 

Coating of Lenses, The coating of lenses is based on the interfer- 
ence of light when reflected from thin films. The transmission of 
light through each refracting surface of a lens is attended by the re- 
flection of about four per cent of the incident light. In multicompo- 
nent lenses, such reflections occur many times, and the total loss 
of the light flux reaches an appreciable value. In addition, the re- 
flections from the lens surfaces result in the appearance of highlights. 
The reflection of light is eliminated by applying a thin film of a sub- 
stance having a refractive index other than that of the lens to each 
free surface of the latter. The components obtained in this way are 
called coated lenses. The thickness of the coating is chosen so that 
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the waves reflected from both its surfaces interfere destructively. 
An especially good result is obtained if the refractive index of the 
film equals the square root of the refractive index of the lens. When 
this condition is satisfied, the intensity of both waves reflected from 
the film surfaces is the same. 


17.5. The Michelson Interferometer 


Many varieties of interference instruments called interferometers 
are in use, Figure 17.16 is a schematic view of a Michelson interfero- 
meter*. A light beam from source S falls on semitransparent plate 
P, coated with a thin layer of silver (this 
layer is depicted by dots in the figure), 
Half of the incident light flux is reflect- 
ed by plate P, in the direction of ray 7. 
and half passes through the plate and pro- 
pagates in the direction of ray 2. Beam I 
is reflected from mirror M, and returns to 
P,, where it is split into two beams of 
equal intensity. One of them passes 
through the plate and forms beam 1', and 
the second one isreflected in the direction 
of S. The latter beam will no longer inter- 
est us. Beam 2 after being reflected by 
mirror M, also returns to plate P, where 
it is divided into two parts: beam 2’ re- 
flected from the semitransparent layer, 
and the beam transmitted through the layer, which will also no lon- 
ger interest us. Light beams 7’ and 2’ have the same intensity. 

If conditions of temporal and spatial coherence are observed, 
beams J’ and 2’ will interfere. The result of this interference depends 
on the optical path difference from plate P, to mirrors M, and M, 
and back. Ray 2 passes through the plate three times, and ray J. 
only once. To compensate the resulting change in the optical path 
difference (owing to dispersion) for waves of different lengths, plate Pa 
is placed in the path of ray 1. Plates P, and P, are identical, except 
for the silver coating on the former. This arrangement makes the 
paths of rays 7 and 2 in glass equal. The interference pattern is ob- 
served with the aid of telescope T. ; ey 

Let us mentally replace mirror Ms with its virtual image M, in 
semitransparent plate P,. Beams 7’ and 2’ can thus be considered as 
due to reflection from a transparent plate contained between planes 
M, and M,. We can use adjusting screws W, to change the angle 


the American physicist Albert M ichelson (4852+ 


Fig. 17.16 


* Named after its inventor, 
1934). 
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between these planes; in particular, they can be arranged strictly 
parallel to each other. By rotating micrometric screw W,, we can 
smoothly move mirror M, without changing its inclination, We can 
thus change the thickness of the “plate”; in particular, we can make 
planes M, and M; intersect (Fig. 17.16b). 

The nature of the interference pattern depends on the adjustment 


tinct interference pattern at a path difference of the order of 500 000 
wavelengths (the distance between My and M; in this case is about 
mm). 


a star was reflected from a symmetrical system of mirrors M, Ma, 
M3, and M, installed on a rigid frame fastened on a carriage. The 
inner mirrors M, and M, were fixed, and the outer ones M, and M; 
could move symmetrically away from or toward mirrors M, and M,. 
The path of the rays is clear from the figure. Interference fringes were 
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produced in the focal plane of the telescope objective. Their visibil- 
ity* depended on the distance between the outer mirrors. By moving 
these mirrors, Michelson determined the distance } between them at 
which the visibility of the fringes vanishes. This distance must be 
of the order of the coherence radius of a light wave arriving from 


Fig. 17.47 


a star. According to expression (17.26), the coherence radius is A/9. 
The condition L = A/ọ gives the angular diameter of a star 


a 
GRT 


Accurate calculations give the formula 
a 
g=Az 


where A =: 1.22 for'a source in the form of a uniformly illuminated 
disk. If the disk is darker at its edges than at the centre, the coef- 
ficient exceeds 1.22, its value depending on the rate of diminishing 
of the illumination in the direction from the centre toward the edge. 
In addition, accurate calculations show that after vanishing at a 
certain value of J, the visibility upon a further increase in l again 
becomes other than zero; however, the values it reaches are not great. 
The maximum distance between the outer mirrors in the stellar 
interferometer constructed by Michelson was 6.1 m (the diameter 
of the telescope was 2.5 m). A minimum measurable angular diameter 
of about 0.02” corresponded to this distance. The first star whose 
angular diameter was measured was Betelgeuse (alpha Orion). The 
value of @ obtained for it was 0.047”. 
* The visibility of a fringe is defined as the quantity 
Jmax—!oin 
I mex tf, min 
where Imax and Zmin are the maximum and minimum intensities of the light 
in the vicinity of the given fringe, respectively. 
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17.6. Multibeam Interference 


the oscillations set up by the rays in the form of exponents: 
E,=aelot Ff Gel (Otto), |, Eat latt(m-1) ) ali 
Ey = aeilot+(n—1) 9) 


where a is the amplitude of an oscillation. The resultant oscillation 
is determined by the formula 


N N 
E= oh Ep, = aetot ms ei(m—1)6 
m=i m=i 
The expression obtained is the sum of N terms of a geometrical pro- 
gression with its first term equal to unity and its common ratio equal 
to ei. Hence, 


E tor I= eNO dot 
= ae' T ee Ae’ 
where 
i __ pind 
Acia 5 5 (17.43) 


is the complex amplitude that can be Tepresented in the form 
A= Agta (47.44) 
(A is the usual amplitude of the resultant oscillation, and « is its 
initial phase), 
The product of quantity (17.44) and its complex conjugate gives 
the square of the amplitude of the resultant oscillation: 

y AA* = Acie Ae-ia_ 42 (17 45) 
Substituting for 4 in Eq. (17.45) its value from Eq. (17.43), we get 
the following expression for the square of the amplitude: 

ig (1—e!N8) deini 2_-iNd__,-ins 
2. Soe 72 =Q? = 
A? = AA* =a (18) (4 —e= #8) a 2-0 Lp 
— 72 1~cos Nô — „2 Sin? (6/2) 
m oada aaa (17-48) 
The intensity is proportional to the square of the amplitude. Hence, 
the intensity produced upon the interference of the N rays being con- 
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sidered is determined by the expression 
I (8) =Ka? sin? (6/2) pao sin? (N6/2) 47.47 
sin® (6/2) -° sina (6/2) (17.47) 
(K is a constant of proportionality, J) = Ka? is the intensity pro- 
duced by each of the rays separately). th 
At the values 


ô =2nm (m =0, +1, +2,...) (17.48) 
Eq. (17.47) becomes indeterminate. For this reason, we apply L’Hos- 
pital’s rule: 

j sin? (N6/2) _ ). 2 sin (6/2) cos (N6/2):N/2._ 4; sin (Nô) 
lim “sint 62) gli, sin (6) eos 012 o i, N amn 
The expression obtained is also indeterminate. For this reason, we 
apply L'Hospital’s rule again: 

sin? (N6/2) _. sin (Nô) _ ). N cos (Nô) __ 
aelh sin? (6/2) salmi N sinô = in, N cos ô TA 

Thus, when 6 = 2nm (or when the path differences A = mo), 
the resultant intensity is 

I=IN? (47.49) 
This result could have been predicted. Indeed, all the oscillations 
arrive at points for which 6 = 2nm in the same phase. Hence, the 
resultant amplitude is V times the amplitude of a separate oscilla- 
tion, and the intensity is M? times that of a separate oscillation. 

Let us call the spots where the intensity determined by Eq. (17.49) 
is observed the principal maxima. Their position is determined by 
condition (47.48). The number m is called the order of the principal 
maximum. It can be seen from Eq. (17.47) that the space between 
two adjacent principal maxima accommodates N—1 minima of the 
intensity. To verify this statement, let us consider, for example, the 
interval between the maxima of the zero (m = 0) and of the first 
(m =‘) order. In this interval, 6 changes from zero to 2n, and 6/2 
from zero to x. The denominator of Eq. (17.47) is other than zero 
everywhere except for the ends of the interval. It reaches its maximum 
value equal to unity at the middle of the interval. The quantity 
N&/2 takes on all the values from zero to.Vx within the interval being 
considered. At values of m, 2m, ..+, (N — 1) Ty the numerator of 
Eq. (17.47) becomes equal to zero. Here we have minima of the inten- 
sity. Their positions correspond to values of ô equal. to 


6=42n (k= 1,2, .-.5N—1) (47.50) 


There are N — 2 secondary maxima in the intervals between the 
— 4 minima. The secondary maxima closest to the principal maxi- 
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the principal zero-order maximum is between the first (k’ = 1) and 
second (k' — 2) minima. Values of 5 equal to 2n/N and 4n/N cor- 
respond to these minima. Hence, ô = 3n/N corresponds to the secon- 
dary maximum being considered. Introduction of this value into 
Eq. (17.47) yields 
“= sin? (31/2) 
I (82/N) = Ka? ‘sin? (37/2/) 
The numerator equals unity. At a great value of M, we may assume 
that the sine in the denominator equals its argument [sin (37/2N) ~ 
æ 3n/2N]. Hence, 
1 KanN? 

I(8n/N) = Ka RINE = Grn 
The quantity in the numerator is the intensity of the principal maxi- 
mum [see Eq. (17.49)]. Thus, at a great value of N, the secondary 


Fig. 17.18 


maximum Closest to the principal maximum has an intensity that 
is 1/(31/2)? æ 1/22 of the intensity of the principal maximum. The 
other secondary maxima are still weaker. 

Figure 17.18 shows a plot of the function J (ô) for N = 40. For 
comparison, a plot of the intensity for M = 2 [two-beam interfer- 
ence; see the curve J (z) in Fig. 17.2] is shown by a dash line. In- 
spection of the figure shows that the principal maxima become nar- 
rower and narrower with an increase in the number of interfering 
rays. The secondary maxima are so weak that the interference pat- 
tern practically has the form of narrow bright lines on a dark back- 
ground. 

Now let us consider the interference of a very great number of 
rays whose intensity diminishes in a geometrical progression. The 
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oscillations being added have the form 
E =at, E = apei (ott), 
Em=ap™-teilot+m-1)0], |, (47.54) 


(p is a constant quantity less than unity). The resultant oscillation 
is described by the equation 


N N 
E= > Ep =aett > p™tet (m-1)6 
m=i m=i 
Using the expression for the sum of the terms of a geometrical pro- 
gression, we get 
E aia EPET fait 
1— pe 


Thus, the complex amplitude is 


q 1—pe 
A=a oe (17.52) 
If N is very great, the complex number p%e'N6 may be disregarded 
in comparison with unity (we shall indicate as an example that 
0.91 ~ 4 x 10-4). Equation (17.52) is thus simplified as: follows: 
; 1 
A=a Tap 


Multiplying this equation by its complex conjugate, we get the 
square of the ordinary amplitude of the resultant oscillation: 


Aim AAS ao) a eg eee arr RAEN 
(1—pe®) (1—pe=#) 4+. p*—p (ef 46-9) 
a? a? a a? 
= T-p?—2pcos6  (1—pPF2p(1—c0s6) (1p) F 4p sin® (6/2) 
Hence, 


Kat LS 
1O =a poa poy (17-53) 


where J, = Ka? is the intensity of the first: (most intensive) ray. 
At values of 


ô =2nm (m =0, +1, +2,...) (47.54) 
Eq. (17.53) has maxima equal to 
pano (17:55) 


Tmax = ap 
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In the intervals between maxima, the function changes monotonously, 
Teaching a value equal to 


T I, 


Ai 1 bs I 
ma Apap FP) 


at the middle of the interval. Thus, the ratio of the intensity at a 
maximum to that at a minimum 


(47.56) 


Imax _ (4+p \? 
7z = (= (47.57) 


is the greater, the closer p is to unity, i.e. the slower is the rate of 
diminishing of the intensity of the interfering rays. Figure 17.19 


I 


2m ama S 
Fig. 17.19 


shows a graph of function (17.53) for p = 0.8. It can be seen from 
the figure that the interference pattern has the form of narrow sharp 
lines on a virtually dark background. 
Unlike Fig. 17.18, secondary maxi- 
ma are absent. 
A practical case of a great num- 
p ber of rays with a diminishing in- 
tensity is encountered in the Fabry- 
Perot interferometer. This instru- 
meee consists of two glass or quartz 
i Plates separated by an air gap 
Fig. 17.20 (Fig. 17.20). The internal surfaces 
£ of the plates are thoroughly pol- 
ished so that the irregularities on them do not exceed several hun- 
dredths of the length of a light wave. Next partly transparent metal 
layers or dielectric films* are applied to these surfaces. The outer 


* Metal layers have the shortcoming that absorb light rays to a great 
extent. This is why recent years haven ayo el Sith SAGT di- 
electric coatings having a high reflectivity. 
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surfaces of the plates are at a slight angle relative to the inner ones to 
eliminate the highlights due to the reflection of light from these 
surfaces. In the original design of the interferometer, one of the 
plates could be moved relative to the other stationary one with 
the aid of a micrometric screw. The unreliability of this design, 
however, resulted in its coming out of use. In modern designs, the 
plates are secured rigidly. The parallelity of the internal working 


Fig. 17.24 


planes is achieved by installing an invar or quartz ring* between 
the plates. This ring has three projections with thoroughly polished 
edges at each side. The plates are pressed against the ring by springs. 
This design reliably ensures strict parallelity of the internal planes 
of the plates and constancy of the distance between them. Such an 
interferometer with a fixed distance between its plates is known as a 
Fabry-Perot etalon. s 

Let us see what happens to a ray entering the gap between the 
plates (Fig. 17.21). Assume that the intensity of the entering ray is 
I,. At point Aj, this ray is divided into ray 1 emerging outward 
and reflected ray 7’. lf the coefficient of reflection from the surface 
of the plate is p, then the intensity of ray 1 will be him (4 an pe) Lo, 
and the intensity of the reflected ray will be 7; = p/o**. At point By, 


* Both these materials are distinguished by their extremely low tempera- 


t ici pansion. i ait 
e e iseogaad thovabiorption of light in the reflecting layers and inside 


the plates. 
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ray 1' is divided into two. Ray 1” shown by a dash line will drop 
out of consideration, while reflected ray J” will have an intensity 
of I; =pI; =I.. At point A., ray 1” will be divided into two, 
Tays—ray 2 emerging outward having an intensity of J, = (14 — 
=p) Ij = (1 — p) p*Zy and reflected ray 2’, and so on. Thus, the 
following relation holds for the intensities of rays 7,.2, 3, etc. emer- 
ging from the instrument: 


Iii dys Ist... = 4: p?: pts... 
Accordingly, for the amplitudes of the oscillations we have 
Ay: Ap: As: ...=1:p:p2:... 


[compare with Eq. (47.54)]. 
The oscillation in each of the rays 2, 3, 4, ... lags in phase behind 
the oscillation in the preceding ray by the same amount ô determined 


Fig. 17.22 


by the optical path difference A appearing on the path A,-B;-Ay 
or A,-B,-Ag, etc. (see Fig. 17.21). A glance at the figure shows that 
A = 2i/cos @, where q is the angle of incidence of the rays on the 
reflecting layers. 

If we gather rays 7, 2, 3, ... with the aid of a lens at point P 
of its focal plane (see Fig. 17.20), then the oscillations produced by 
these rays will have the form given by Eq. (17.51). Hence, the inten- 
sity at point P is determined by Eq. (17.53), in which p has the mean- 
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ing of the coefficient of reflection, and 
ee 2x ak 


À cos 
When a diverging beam of light is passed through the instrument, 
fringes of equal inclination having the form of sharp rings (Fig. 17.22) 
will be produced in the focal plane of the lens. 

The Fabry-Perot interferometer is used in spectroscopy to study 
the fine structure of spectral lines. It has also come into great favour 
in metrology for comparing the length of the standard metre with 
the wavelengths of individual spectral lines. 


CHAPTER 18 DIFFRACTION OF LIGHT 


18.1. Introduction 


By diffraction is meant the combination of phenomena observed 
when light propagates in a medium with sharp heterogeneities* and 
associated with deviations from the laws of geometrical optics. Dif- 
fraction, in particular, leads to light waves bending around obstacles 
and to the penetration of light into the region of a geometrical sha- 
dow. The bending of sound waves around obstacles (i.e. the diffrac- 
tion of sound waves) is constantly observed in our everyday life. 
To observe the diffraction of light waves, special conditions must 
be set up. This is due to the smallness of the lengths of light waves. 
We know that in the limit, when À > 0, the laws of wave optics 
transform into those of geometrical optics. Hence, other conditions 
being equal, the deviations from the laws of geometrical optics de- 
crease with a diminishing wavelength. 

There is no appreciable physical difference between interference 
and diffraction. Both phenomena consist in the redistribution of the 
light flux as a result of Superposition of the waves. For historical 
Teasons, the redistribution of the intensity produced as a result of 
the superposition of waves emitted by a finite number of discrete 
coherent sources has been called the interference of waves. The redis- 
tribution of the intensity produced as a result of the superposition of 
waves emitted by coherent sources arranged continuously has been 
called the diffraction of waves. We therefore speak about the inter- 
ference pattern from two narrow slits and about the diffraction pat- 
tern from one slit. 

Diffraction is usually observed by means of the following set-up. 
An opaque barrier closing part of the wave surface of the light wave 
is placed in the path of a light wave propagating from a certain source. 
a screen on which the diffraction pattern appears is placed after the 

arrier. 

Two kinds of diffraction are distinguished. If the light source § 
and the point of observation P are so far from a barrier that the rays 


* For example, near the boundaries of ies, through 
small Hien a s of opaque or transparent bodies, throug 
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diffraction. Fraunhofer diffraction can be observed by placing a lens 

after light source S and another one in front of point of observation P 

ie dehy ees S and P lie in the focal plane of the relevant lens 
ig. 18.4). 


Fig. 18.1 


The criterion allowing us to determine the kind of diffraction we 
are dealing with—Fresnel or Fraunhofer—in each specific case will 
be given in Sec. 18.5. 


18.2. Huygens-Fresnel Principle 


The penetration of light waves into the region of a geometrical 
shadow canbe explained with the aid of Huygens’ principle (see 
Sec. 16.9). This principle, however, gives no 
information on the amplitude and, consequent- 
ly, on the intensity of waves propagating in ? 
different directions. The French physicist 
Augustin Fresnel (1788-1827) supplemented 
Huygens’ principle with the concept of the inter- rs 
ference of secondary waves. Taking into ac- 
count the amplitudes and phases of the secon- 
dary waves makes it possible to find the ampli- 
tude of the resultant wave for any point of 
space. Huygens’ principle developed in this 
way was named the Huygens-Fresnel principle. nie eae 

According to the Huygens-Fresnel princi- atid 
ple, every element of wave surface S (Fig. 18.2) : i 
is the source of a secondary spherical wave whose amplitude is pro- 
portional to the size of element dS. The amplitude of a spherical wave 
diminishes with the distance r from its source according to the law 
1/r [see Eq. (44.12)]. Consequently, the oscillation 


dE = K 2% cos (wt—kr + ao) (18.1) 


25—7796 
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arrives from each section dS of a wave surface at point P in front of 
this surface. In Eq. (48.4), (wt +. a») is the phase of the oscillation 
where wave surface S is, k is the wave number, r is the distance from 
surface element dS to point P. The factor a, is determined by the 
amplitude of the light oscillation at the location of dS. The coefficient 
K depends on the angle @ between a normal n to area dS and the 
direction from dS to point P. When p =0, this coefficient is maxi- 
mum; when p = 2/2, it vanishes, 

The resultant oscillation at point P is the 


H | H jy superposition of the oscillations given by Eq. 
! H H (18.1) taken for the entire wave surface S: 

pi 
| ie ep E= | K(q)2c0s (wt—kr+ay)dS (18.9) 
lanki ‘i 
fol 
ee 


This equation is an analytical expression of 
the Huygens-Fresnel principle. 

i The Huygens-Fresnel principle can be sub- 
Fig. 18.3 stantiated by the following reasoning. Assume 


placed in the path of a light wave (we shall consider it plane for sim- 
plicity’s sake). The intensity of the light everywhere after the screen 
will be zero. The reason is that the light wave falling on the screen 
produces oscillations of the electrons in the material of the screen. 
The oscillating electrons emit electromagnetic waves. The field after 
the screen is a superposition of the primary wave (falling on the 


waves with the primary one, a zero amplitude is obtained at any point 
P after the screen. Consequently, if the primary wave produces the 
oscillation 

Aprim cos (wt +a) 


at point P, then the resultant oscillation produced by the secondary 
waves at the same point has the form 
Aseo CoS (wt-+ a — x) 
Here Asc = Aprm:. è 
What has been said above signifies that when calculating the ampli- 
tude of an oscillation set up at point P by a light wave propagating 


Let us divide the opaque barrier into two parts. One of them, which 
we shall call a stopper, has finite dimensions and an arbitrary shape 
(a circle, rectangle, etc.). The other part includes the entire remain- 
ing surface of the infinite barrier, As long as the stopper is in place, 
the resultant oscillation at point P after the barrier is zero. It can be 
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represented as the sum of the oscillations set up by the primary 
wave, the wave produced by the stopper, and the wave produced by 
the remaining part of the barrier: 


Aprim COS (Wt + &) + Astop cos (ot +a’) + 
+ Aparcos(@t+a")=0 (18.3) 
If the stopper is removed, i.e. the wave is transmitted through 
the apréture in the opaque barrier, then the oscillation at point P 
will have the form 


Ep = Aprim 608 (wt + &) + Apar Cos (0t + C= 
= — Astop 608 (wt + @’)) = Astop cos (t+ a! — n) 

We have used condition (48.3) and assumed that removal of the stop- 
per does not change the nature of the oscillations of the electrons 
in the remaining part of the barrier. 

We can thus consider that the oscillations at point P are produced 
by a collection of sources of secondary waves on the surface of the 
aperture formed after removal of the stopper. 


18.3. Fresnel Zones 


The performance of calculations by Eq. (18.2) is a very difficult 
task in the general case. As Fresnel showed, however, the amplitude 
of the resultant oscillation can be found by simple algebraic or geo- 
metrical summation in cases distinguished by symmetry. 


Fig. 18.4 


nce of the method developed by Fresnel, 
let us determine the amplitude of the light oscillation set up at 
point P bya spherical wave propagating in an isotropic homogeneous 
medium from point source S (Fig. 18.4). The wave surfaces of such 


To understand the esse 
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waves are symmetrical relative to straight line SP. Taking advantage 
of this circumstance, let us divide the wave surface shown in the 
figure into annular zones constructed so that the distances from the 
edges of each zone to point P differ by 4/2 (A is the length of the wave 
in the medium in which it is propagating). Zones having this 
Property are known as Fresnel zones. 

A glance at Fig. 18.4 shows that the distance b,, from the outer 
edge of the m-th zone to point P is 


bn = b+ m4 (18.4) 
(b is the distance from the crest O of the wave surface to point P), 


The oscillations arriving at point P from similar points of two 
adjacent zones (i.e. from Points at the middle of the zones, or at the 


Fig. 18.5 


outer edges of the zones, etc.) are in counterphase. Therefore, the 
resultant oscillations produced by each of the zones as a whole will 
differ in phase for adjacent zones by x too. 

Let us calculate the areas of the zones. The outer boundary of the 
m-th zone separates a spherical segment of height žm on the wave 
surface (Fig. 18.5). Let the area of this segment be Sm. Hence, the 
area of the m-th zone can be written as 


AS m iz Sm— Smi 


where Sm- is the area of the spherical segment separated by the outer 
boundary of the (m — 1)-th zone. 
It can be seen from Fig. 18.5 that 


rt, =a?—(a—hp)? = (0+m4)?_( +h)? 


where a = radius of the wave surface 
Tm = radius of the outer boundary of the m-th zone. 
Squaring the terms in parentheses, we get 


Th = 2alim— hh = bm +m? ( È)? ooh, ht (18.5) 
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whence 
__ bmA+ m? (A/2)? 
hm=— aF (18.6) 
Restricting ourselves to a consideration of not too great m’s, we may 
disregard the addend containing A? owing to the smallness of 4. 
In this approximation 
bmi’ ; 
hm = 2(a+Fb) (18.7) 
The area of a spherical segment is S = 2n Rh (here R is the radius 
of the sphere and h is the height of the segment). Hence, 


Sm= 2th, = ar mÀ 


and the area of the m-th zone is 
À 
MSm=Sm—Sm-1= SEF 
The expression we have obtained does not depend on m. This signi- 
fies that when m is not too great, the areas of the Fresnel zones are 
approximately identical. 
We can find the radii of the zones from Eq. (18.5). When m is not 
too great, the height of a segment hm < a, and we can therefore. con- 


sider that r?, = 2ahm. Substituting for hm its value from Eq. (18,7), 
we get the following expression for the radius of the outer boundary 


of the m-th zone: 
b 
rme V ey mh (18.8) 


If we assumé that a —6 —1 m and 4 = 0.5 pm, then we get a 
value of r, = 0.5 mm for the radius of the first (central) zone. The 


and the direction toward point ith 7 
to the fact that the amplitude Am of the oscillation produced by 
the m-th zone at point P diminishes monotonously with increasing 
m. Even at very high values of m, when the area of a zone begins to 
grow appreciably with m [see Eq. (48.6)], the decrease in the factor 
K (9) overbalances the increase in AS, S0 that Am continues to 
diminish, Thus, the amplitudes of the oscillations produced at 
point P by Fresnel zones form a monotonously diminishing sequence: 


A> 4, > 4s>>-+ > Am- > Am > Amt > ++ 
duced by adjacent zones differ 


illations pro 
The phages ahon a ede y of the resultant oscillation at 


by x. Therefore, the amplitude A 
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point P can be represented in the form 
A =A, — A: +4, — A+... (18.9) 


This expression includes all the amplitudes from odd zones with 
one sign and from even zones with the opposite one. 
Let us write Eq. (18.9) in the form 


A=44(4_- atH)4+(P-At A) +... (18.10) 


Owing to the monotonous diminishing of A,,, we can approximately 
assume that 
Amit A 
Am= LLS ut m+i 


The expressions in parentheses will therefore vanish, and Eq. (18.10) 
will be simplified as follows: 
-4 
A= Ey (18.11) 
According to Eq. (18.11), the amplitude produced at a point P 
by an entire spherical wave surface equals half the amplitude produc- 
ed by the central zone alone. If we put in the path of a wave an opaque 
screen having an aperture that leaves only the central Fresnel zone 
open, the amplitude at point P will equal A,, i.e. it will be double 
the amplitude given by Eq. (18.14). Accordingly, the intensity of 
the light at point P will in this case be four times greater than when 
there are no barriers between points § and P. 
Now let us solve the problem on the propagation of light from 
source § to point P by the method of graphical addition of ampli- 


Fresnel zones, but much smaller in width (the path difference from 
the edges of a zone to point P is a small fraction of À the same for 
all zones). We shall depict the oscillation produced at point P by 
each of the zones in the form of a vector whose length equals the 


the vector diagram obtained when the oscillations produced by the 
Separate zones are added has the form shown in Fig. 18.6. 

If the amplitudes produced by the individual zones were the same, 
the tail of the last of the vectors shown in Fig. 18.6 would coincide 
with the tip of the first vector. Actually, the value of the amplitude 
diminishes, although very slightly. Hence, the vectors form a broken 
spiral-shaped line instead of a closed figure. 
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In the limit when the widths of the annular zones t 
(their number will grow unlimitedly), the vector ae ep 
form of a spiral winding toward point C (Fig. 18.7). The phases 
of the oscillations at points O and J differ by x (the infinitely small 
vectors forming the spiral have opposite directions at these points). 


O Ọ 


Fig. 18.6 Fig. 18.7 


Consequently, part O-1 of the spiral corresponds to the first Fresnel 
zone. The vector drawn from point O to point J (Fig. 18.8a) depicts the 
oscillation produced. at point P by this zone. Similarly, the vector 
drawn from point J to point 2 (Fig. 48.8) depicts the oscillation 


7 7 7 7 
€) D “is 2 s 

0 29 o a 
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Wig. 18.8 


produced by the second Fresnel zone. The oscillations from the 
first and second zones are in counterphase; accordingly, vectors 01 
and 12 have opposite directions. 

The oscillation produced at point P by the entire wave surface is 
depicted by vector OC (Fig. 18.8c). Inspection of the figure shows 
that the amplitude in this case equals half the amplitude produced 
by the first zone. We have obtained this result algebraically earlier 
[see Eq. (48.11)]. We shall note that the oscillation produced by the 
inner half of the first Fresnel zone is depicted by vector OB (Fig. 18.8). 
Thus, the action of the inner half of the first Fresnel zone is not equi- 
valent to half the action of the first zone. Vector OB is V 2 times 
greater than vector OC. Consequently, the intensity of the light pro- 
duced by the inner half of the first Fresnel zone is double the inten- 
sity produced by the entire wave surface. 
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The oscillations from the even and odd Fresnel zones are in coun- 
terphase and, therefore, mutually weaken one another. If we would 
place in the path of the light wave a plate that would cover all the 
even or odd zones, the intensity of the light at 
point P would sharply grow. Such a plate, 
known as a zone one, functions like a converging 
lens. Figure 18.9 shows a plate covering the 
even zones. A still greater effect can be achieved 
by changing the phase of the even (or odd) 
zone oscillations by x instead of covering these 
zones. This can be done with the aid of a trans- 
parent plate whose thickness at the places cor- 
responding to the even or odd zones differs by 

Fig. 18.9 a properly selected value. Such a plate is 

called a phase zone plate. In comparison with 

the amplitude zone plate covering zones, a phase plate produces 

an additional two-fold increase in the amplitude, and a four-fold 
increase in the light intensity. 


18.4. Fresnel Diffraction 
from Simple Barriers 


The methods of algebraic and gtaphical addition of amplitudes 


treated in the preceding section make it possible to solve a number 
of problems involving the diffraction of light. 


Barrier Screen L È 


(a) (6) (c) 
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aand b shown in the figure, the length a can be considered equal to 
the distance from source S to the barrier, and the length b, to the 
distance from the barrier to point P. If the distances a and b satisfy 
the relation 


m= VY am (48.12) 


where m is an integer, then the aperture will leave open exactly m 
first Fresnel zones constructed for point P [see Eq. (48.8)]. Hence, 
the number of open Fresnel zones is determined by the expression 


es ey 4 
m= (4+5) (18.13) 
According to Eq. (48.9), the amplitude at point P will be 

WA, A aye ASE... Y E (48.14) 


The amplitude Am is taken with a plus sign if m is odd and with a 
minus sign if m is even. Writing Eq. (48.44) in a form similar to 
Eq. (18.10) and assuming that the expressions in parentheses equal 
zero, we arrive at the equations 


A Am ; 
= 34+ (m is odd) 
=444m1_4, (m is even) 


The amplitudes from two adjacent zones are virtually the same. 
We may therefore replace (Am-;/2) — Am with —A,,/2. The result is 


A A, 
A=Oa (48.15) 


where the plus sign is taken for odd and the minus sign for even m's. 

The amplitude Am differs only slightly from A, for small m's. 
Hence, with odd m’s, the amplitude at point P will approximately 
equal A,, and at even m’s, zero. It is easy to obtain this result with 
the aid of the vector diagram shown in Fig. 18.7. j 

If we remove the barrier, the amplitude at point P will become 
equal to A,/2 [see Eq. (48.44)]. Thus, a barrier with an aperture 
opening a small odd number of zones not only does not weaken the 
illumination at point P, but, on the contrary, leads to an increase 
in the amplitude almost twice, and of the intensity, almost four 
times. ’ 

Let us determine the nature of the diffraction pattern that will 
be observed on a screen placed after the barrjer (see Fig. 18.10). 
Owing to the symmetrical arrangement of the aperture relative to 
straight-line: SP, the illumination at various points of the screen 
will depend only on. the distanee r from point P. At this point itself, 
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the intensity will reach a maximum or a minimum depending on 
whether the number of open (effective) Fresnel zones is even or odd, 
Assume, for example, that this number ‘is three, In this case, we 
get a maximum of intensity at the centre of the diffraction pattern, 
A’ pattern of the Fresnel zones for point P is given in Fig. 18.41 a. 


Fig. 18.44 


Now let us move along the screen to point P”. The pattern of the 
Fresnel zones for point P’ limited by the edges of the apertüre ‘has 
the form shown in Fig. 18.11. The edges of the aperture will obstruct 
a part of the third zone, and simultaneously the fourth zone will be 


Odd m 


Fig. 18.12 


partly opened. As a result, the intensity of the light diminishes, 
and reaches a minimum at a certain Position of point P’. If we move 
along the screen to point P”, the edges of the aperture will partly 
obstruct not only the third, but also the second Fresnel zone, simul- 
taneously partly opening the fifth zone (Fig. 18.41c). The result 
will be that the action of the open sections of the odd zones will 
overbalance the action of the open sections of the even zones, and 
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the intensity will reach a maximum. True, this maximum will be 
weaker than that observed at point P. 

Thus, the diffraction pattern produced by a round aperture has 
the form of alternating bright and dark concentric rings. There will 
be either a bright (m is odd) or a dark (m is even) spot at the centre 
of the pattern (Fig. 18.12). The variation in the intensity J with the 
distance r from the centre of the pattern is shown in Fig. 18.40) 
(for an odd m) and in Fig. 18.10c (for an even m). When the screen 
is moved parallel to itself along straight line SP, the patterns shown 


Z 


(0) 


Fig. 18.43 


in Fig. 18.12 will replace one another [according to Eq. (48.13), 
when b changes, the value of m becomes odd and even alternately]. 

If the aperture opens only a part of the central Fresnel zone, a 
blurred bright spot is obtained on the screen; there is no alternation 
of bright and dark rings in this case. If the aperture opens a great 
number of zones, the alternation of the bright and dark rings is 
observed only in a very narrow region on the boundary of the geo- 
metrical shadow; inside this region the illumination is virtually 
constant. 

Diffraction from a Disk. Let us place an opaque disk of radius 
r, between light source S and observation point P (Fig. 18.13). 
If the disk covers m first Fresnel zones, the amplitude at point P 


will be 

— Amu Ams A Ams ae 
A= Amt — Ámt + Amts— p (A mra t) sie 
The expressions in parentheses can be assumed to equal zero, con- 


sequently 
A= (18.16) 


Let us determine the nature of the pattern obtained on the screen 
(see Fig. 18.13). It is obvious that the illumination can depend only 
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on the distance.r from point P: With a small number of covered 
zones, the amplitude A,,4, differs slightly from A,. The intensity 
at point P will'therefore be almost the same as in the absence of 
a barrier between source S and point P [see Eq. (18.41)]. For point 
P’ displaced relative to point P in any radial direction, the disk 
will cover a part of the (m -+ 4)-th Fresnel zone, and part of the 
m-th zone will be opened simultaneously. This will cause the inten- 
sity to diminish. At a certain position of point P’, the intensity 
will reach its minimum. If the distance from the centre of the pat- 
tern is still greater, the disk will cover 
additionally a part of the (m + 2)-th 
zone, and a part of the (m — 1)-th zone 
will be opened simultaneously. As a re- 
sult, the intensity grows and reaches a 
maximum at point P”. 
» Thus, the diffraction pattern for an 
opaque disk has the form of alternating 
bright and dark concentric rings. The 
centre of the pattern contains a bright 
spot (Fig. 18.14). The light intensity J var- 
ies with the distance r from point P as 
shown in Fig. 18.430. 
If the disk covers only a small part of 
Fig. 18.44 the central Fresnel zone, it doesnot form 
a shadow at all—the illumination of the 
Screen everywhere is the same as in the absence of barriers. If the disk 
Covers many Fresnel zones, alternation of the bright and dark rings 
is observed only in a narrow region on the boundary of the geomet- 
tical shadow. In this case, Am+ı < Aj, so that the bright spot at 
the centre is absent, and the illumination in the region of the geo- 
metrical shadow equals zero practically everywhere. 

The bright spot at the centre of the shadow formed by a disk 
was the cause of an incident between Simeon Poisson and Augustin 
Fresnel. The Paris Academy of Sciences announced the diffraction 
of light. as the topic for its 4818 prize. The organizers of the com- 
petition were advocates of the corpuscular theory of light and were 
sure that the papers submitted to the competition would bring 
a fina] victory to their theory. Fresnel submitted a paper, however, 
in which all the optical phenomena known at that time were explained 
from the wave viewpoint. In considering this paper, Poisson, 
who was a member of the competition committee. gave attention 
to the fact thatan “absurd” conclusion follows from Fresnel’s theory: 
there must be a bright spot at the centre of the shadow formed by 
a small disk. D. Arago immediately conducted an experiment and 
found that such a spot does indeed exist. This brought victory and 
all-round recognition to the wave theory of light. 
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Diffraction from the Straight Edge of a Half-Plane. Let us put 
an opaque half-plane with a straight edge in the path of a light 
wave (which we shall consider to be plane for simplicity). We shall 
arrange this half-plane so that it coincides with one of the wave 
surfaces. We shall place a screen parallel to the half-plane at a dis- 
tance b behind it and take point P on the screen (Fig. 18.15). Let 
us divide the open part of the wave surface into zones having the 
form of very narrow straight strips parallel to, the edge of the half- 
plane. We shall choose the width of the’zones so that the distances 


Od Mp Bad 


Hatf-plane 2" _ 0 _ 123 Waw 
ot INN ] surface h 
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Fig. 18.15 Fig. 18.16 


from point P to the edges of any zone measured in the plane of the 
drawing differ by the same amount A. When this condition is obser- 
ved, the oscillations set up at point P by the adjacent zones will 
differ in phase by a constant value. } 

We shall assign the numbers 7, 2, 3, etc. to the zones at the right 
of point P, and the numbers 7’, 2’, 3’, ete. to those at the left of this 
point. The zones numbered m and m’ have an identical width and 
are symmetrical relative to point P. Therefore, the oscillations pro- 
duced by them at P coincide in amplitude and in phase. 

To establish the dependence of the amplitude on the zone number 
m, let us assess the areas of the zones. A glance at Fig: 18.16 shows 
that the total width of the first m zones is 


dt dp+.-.+dm=V b+ mAP—F = V 2bmA -F mA? 


b. Consequently, when m 
the radicand. 


Since the zones are narrow, we have A< . À 
is not very great, we may ignore the quadratic term in 
This yields 

dit dat: +. + dm= V 2bmA ia 
ion that m = 1, we find that d, = V 25A. 


vena s 3 
na E E, n for the total width of the first m 


Hence, we can write the expressio. 
zones as follows 


dy+d;++--+dm=a Vim 
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whence 
dm = a, (V m—Vm—1) (18.17) 


Calculations by Eq. (18.17) show that 


dy i dy: dy: dy... = 1: 0.41:0.82:0.27:... (18.18) 


The areas of the zones are in the same proportion. 

Examination of Eq. (18.18) shows that the amplitude of the oscil- 
lations set up at point P by the individual zones initially (for the 
first zones) diminishes very rapidly, and then this diminishing 
becomes slower. For this reason, the broken line obtained in the 


(a) (0) 
Fig. 18.17 Fig. 48.18 


graphical addition of the oscillations produced by the straight zones 
first has a gentler slope than that for annular zones (the areas of 
which in a similar construction are approximately equal). Both 
vector diagrams are compared in Fig. 18.17. In both cases, the lag 
in phase of each following oscillation has been taken the same. The 
value of the amplitude for the annular zones (Fig. 18.17a) has been 
taken constant, and for the straight zones (Fig. 18.17), diminishing 
in accordance with proportion (18.18). The graphs in Fig. 18.17 are 
approximate. In an exact construction of these graphs, account must 
be taken of the dependence of the amplitude on r and @ [see Eq. 
(18.1)]. This does not affect the general nature of the diagrams, 
however. 

Figure 18.176 shows only the oscillations produced by the zones 
to the right of point P. The zones numbered m and m’ are symmetr- 
ical relative to P. It is therefore natural, when constructing the 
diagram, to arrange the vectors depicting the oscillations corres- 
ponding to these zones symmetrically relative to the origin of coor- 
dinates O (Fig. 18.18). If the width of the zones is made to tend 
to zero, the broken line shown in Fig. 18.18 will transform into 
a smooth curve (Fig. 18.19) called a Cornu spiral. 
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The equation of a Cornu spiral in the parametric form is 


v 


v 
pa j cos% du, n= {sin du (18.19) 
è 


These integrals are known as Fresnel integrals. They can be solved 
only numerically; “and tables are available that can be used to 


Fig. 18.19 


v's, The meaning of the 


he integrals for various 
find ihe ca ae he are of the Cornu spiral 


parameter v is that |v | gives ed bots ti 
measured from the origin of coordinates. 

The figures along the curve in Fig. 18.19 give the values of the 
parameter v. Points F, and F, which are asymptotically approached 
by the curve when v tends to ++ oo and —ooare called the focal points 


or poles of the Cornu spiral. Their coordinates are 
ES n=+5 for point F, 


4 


gee, n=—7 for point F, 
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The right-hand curl of the spiral (section OF,) corresponds to zones 
to the right of point P, and the left-hand curl (section OF,) to zones 
to the left of this point. 

Let us find the derivative dn/d§ for the point of the curve corres- 
ponding to a given value of the parameter v. According to Eq. (18.19), 
the values 


d= cos 2 dv, dyn=sin Ea dv 


correspond to the increment dv of v. Consequently, dy/d = 
= tan (nv*/2). At the same time, dy/d— = tan 0, where 0 is the 
angle of inclination of a tangent to the curve at the given point. 
Thus, 


= fv (18.20) 


It thus follows that at the point corresponding to v =1 a tangent 
to the Cornu spiral is perpendicular to the E-axis. When v =h 
the angle 0 is 2x, so that a tangent is parallel to the §-axis. When 
v = 3, the angle 0 is 97/2, so that a tangent is again perpendicular 
to the &-axis, and so on. 

The Cornu spiral makes it Possible to find the amplitude of a light 
oscillation at any point on a screen. We shall characterize the posi- 


point F, (Fig. 18.20a). When point P is displaced to the region of 
the geometrical shadow, the half-plane covers a greater and greater 
number of unhatched zones, Therefore, the beginning of the resul- 
tant vector moves along the right-hand curl in the direction of 
pole F, (Fig. 18.200). As a result, the amplitude of the oscillation 
monotonously tends to zero. 

If point P is displaced from the boundary of the geometrical shad- 
ow to the right, in addition to the unhatched zones a constantly 


tip of the resultant vector slides along the left-hand curl of the spiral 
in a direction to pole Fy. The amplitude passes through a number 
of maxima (the first of them equals the length of segment MF, 
in Fig. 18.20c) and minima (the first of them equals the length of 
segment WF, in Fig. 18.204). When the wave surface is completely 
uncovered, the amplitude equals the length of F,F, (Fig. 18.20e), 
i.e. is exactly double the amplitude on the boundary of the geomet- 
tical shadow (see Fig. 18.20a). Accordingly, the intensity on the 
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boundary of the geometrical shadow is one-fourth of the intensity J, 
obtained on the screen in the absence of barriers. 

The dependence of light intensity J on the coordinate x is shown 
in Fig. 18.21. Inspection of the figure shows that upon a transition 
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Fig. 18.20 
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to the region of the geometrical shadow, the intensity gradually 
tends to zero instead of changing in a jump. A number of alternating 
maxima and minima of the intensity are to the right of the boundary 
of the geometrical shadow. Calculations show that at b =1 m 
and A =0.5 um the coordinates of the maxima (see Fig. 18.21) 
have the following values: z, =0.61 mm, z, = 1.17 mm, zs re 
= 1.54 mm, z, = 1.85 mm, etc. With a change in the distance 

from the half-plane to the screen, the values of the coordinates of 


the maxima and minima vary as b. It can be seen from the above 
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data that the maxima are quite dense. The Cornu curve can also 
be used to find the relative value of the intensity at the maxima and 
minima. We get the value of 1.371, for the first maximum and 
0.7829 for the first: minimum. 


Wave surface 


Fig. 18.22 Fig. 18,23 


Figure 18.22 contains a photograph of the diffraction pattern 
produced by the edge of a half-plane. 

Diffraction from a Slit. An infinitely long slit can be formed by 
placing two half-planes facing opposite directions next to each 
other. Therefore, the problem on the 
Fresnel diffraction from a slit can be 
solved with the aid of a Cornu spiral, 
We shall consider that the wave sur- 
face of the incident light, the plane of 
the slit, and the screen on which a dif- 
fraction pattern is observed are parallel 
to one another (Fig. 18.23). 

For point P opposite the middle of 
the slit, the tip and the tail of the re- 
sultant vector are at points on the spi- 
ral that are symmetrical relative to the 
origin of coordinates (Fig. 18.24). If we 
move to point P’ opposite an edge of 
the slit, the tip of the resultant vec- 


into the region of the geometrical shadow, the tip and the tail of 
the resultant vector will slide along the spiral and in the long run 
will be at the smallest distance apart (see the vector in Fig. 18.24 
corresponding to point P”). The intensity of the light reaches a 
minimum here. Upon further sliding along the spiral, the tip and 
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tail of the vector will move apart again, and the intensity will grow. 
mg ene basa apeu en we move from point P in the opposite 
irection because the diffraction pattern is symmetrical i 
to the middle of the slit. : sees mere 
If we change the width of the slit by moving the half-planes in 
opposite directions, the intensity at middle point P will pulsate, 


(a) (b) 
Fig. 18.25 


alternately passing through maxima (Fig. 48.252) and minima that 
differ from zero (Fig. 18.250). 

Thus, a Fresnel diffraction pattern from a slit is either a bright 
(for the case shown in Fig. 48.25a) or a relatively dark (for the case 
shown in Fig. 18.256) central fringe at both sides of which there are 
alternating dark and bright fringes symmetrical relative ‘to it. 

With a great width of the slit, the tip and tail of the resultant 
vector for point P are on the internal turns of the spiral near poles 
F, and F,. Therefore, the intensity of the light at the points opposite 
the slit will be virtually constant. A system of closely spaced narrow 
bright and dark fringes is formed only on the boundaries of the geo- 
metrical shadow. 

We must note that all the results obtained in the present section 
hold provided that the coherence radius of the light wave falling 
on the barrier greatly exceeds the characteristic dimension of 
the barrier (the diameter of the aperture or disk, the width of 


the slit, etc.). 


18.5. Fraunhofer Diffraction from a Slit 
A hat lane light wave falls on an infinitely long* slit 
ssume thet e duane ing lens behind the slit and 


ig. 18.26). lace a convergi 
Pg eee ene A f the lens. The wave surface of the inci- 


a screen in the focal plane o: 
* In practice, it is sufficient that the length of the slit be many times its 
width. 
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dent wave, the plane of the slit, and the screen are parallel to one 
another. Since the slit is infinite, the pattern observed in any plane 
at right angles to the slit will be the same. It is therefore sufficient 
to investigate the nature of the pattern in one such plane, for example, 
in that of Fig. 18.26. All the quantities introduced in the following, 
in particular the angle ọ made by a ray with the optical axis of the 
lens, relate to this plane. 
Let us divide the open part of the wave surface into elementary 
zones of widtl. dz parallel to the edges of the slit. The secondary 
waves emitted by the zones in the 
b direction determined by the angle 
will gather at point P of the screen, 
Each elementary zone will pro- 
duce the oscillation dE at point P. 
The lens will gather plane (and not 
spherical) waves in the focal plane. 
Therefore, the factor 1/r in Eq. (48.1) 
for dE will be absent for Fraunho- 
fer diffraction. Limiting ourselves 
to a consideration of not too great 
angles., we can assume that the 
Fig. 18.26 coefficient K in Eq. (18.1) is con- 
stant. Hence, the amplitude of the 
oscillation produced by a zone at any point of the screen will depend 
only on the area of the zone. The area is Proportional to the width 
dz of a zone. Consequently, the amplitude dA of the oscillation dE 
produced by a zone of width dz at any point of the screen will have 


the form 
dA =C dr 


where C is a constant. 

Let A, stand for the algebraic sum of the amplitudes of the oscil- 
lations produced by all the zones at a Point of the screen. We can 
find A, by integrating dA over the entire width of the slit b: 


+0/2 
A= J dA= f Cdz=Cb 
—b/2 
Hence, C = A,/b and, therefore, 
da= gz 


Now let us find the phase relations between the oscillations dE. 
We shall compare the phases of the oscillations produced at point P 
by the elementary zones having the coordinates Ô and z (Fig. 18.26). 
The optical paths OP and QP are tautochronous (see Fig. 16.20). 
Therefore, the phase difference between the oscillations being con- 
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sidered is formed on the path A equal to z sin p. If the initial phase 
of the oscillation produced at point P by the elementary zone at the 
middle of the slit (p = 0) is assumed to equal zero, then the initial 
phase of the oscillation produced by the zone with the coordinate 2, 
will be 
Int = — zsing 

where A is the wavelength in the given medium. 

Thus, the oscillation produced by the elementary zone with the 
coordinate z at point P (whose position is determined by the angle ọ) 
can be written in the form 


dE4= (42 az) exp [¢( ot rsin e)| (18.24) 


(we have in mind the real part of this expression). 

Integrating Eq. (18.21) over the entire width of the slit, we shall 
find the resultant oscillation produced at point P by the part of 
the wave surface uncovered by the slit: 

+b/2 


s A onli Seetne} 
=b/2 


Let us put the multipliers not depending on z outside the integral 
In addition, we shall introduce the symbol 


y=zsing (18.22) 
As a result, we get 
don Hokie A 1 +b/2 
= - Ao piot a en 2iv=| = 
Eg= = eit Re rive dae 5? elt nE Tye 
-b/ 


Ae Ap 4 pe-tve— etry} = etot {40 1 peio e-i 
= eto {Sh ay lee =e {ay ar i} 


races determines the complex amplitude A, 
of the resultant oscillation. Taking into account that the difference 
between the exponents divided by 2i is sin yb (see Sec. 7.3 of Vol. I, 
p. 190 et seq.), we can write 

si sinyb _ , _sin (nb sin P/A) i 
Âo = A075 do (xb sin q/A) (48.28) 


introduced the value of y from Eq. (48.22)). 
Me aaation (18.23) is a real one. Its magnitude is the usual ampli- 
tude of the resultant oscillation: 
sin (xb sin g/d) 18.24 
Ap=| Ao (ab sin @/A) ( ) 


The expression in b 
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added 
At values of ọ satisfying the condition xd sin Q/A = tkn, i.e. 


when 
bsing = +k (k £14, DE G MEN (18.25) 
the amplitude A, vanishes. Thus, condition (18.25). determines 
tp 


TER OR pa sin 
Epin 6245 A 


Fig. 18.27 Fig. 18.28 


the positions of the minima of intensity. We must note that b sin (o 
is the path difference A of the rays travelling to point P from the 
edges of the slit (see Fig. 18.26). 

It is easy to obtain condition (18.25) from the following consider- 
ations. If the path difference A from the edges of the slit is kh, 


pair of adjacent zones mutually destroy each other, so that the resul- 
tant amplitude vanishes. If the path difference A for point P is 
+ (k+3) À, the number of zones will be odd, the action of one of 
them will’ not be compensated, and a maximum of intensity is 
observed. 

The intensity of light is Proportional to the square of the ampli- 
tude. Hence, in accordance with Eq. (48.24), 


sin? (zb sin /A) 
(xd sin p/A)? (59120) 


* We remind our reader that lim (sin u/u) = 4 (at small values of u we may 
assume that sin u æ u). u+0 


Tex, 
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where J» is the intensity at the middle of the diffraction pattern 
(opposite the centre of the lens), and I, is the intensity at the point 
whose position is determined by the given value of 9. 

We find from Eq. (18.26) that J_, = Tẹ This signifies that the 
diffraction pattern is symmetrical relative to the centre of the lens. 
We must note that when the slit is displaced parallel to the screen 
(along the z-axis in Fig. 48.26), the diffraction pattern observed on 
the screen remains stationary (its middle is opposite the centre of 
the lens). Conversely, displacement of the lens with the slit sta- 
tionary is attended by the same displacement of the pattern on the 
screen. 

A graph of function (18.26) is depicted in Fig. 18.28. The values 
of sin @ are laid off along the axis of abscissas, and the intensity I, 
along the axis of ordinates. The number of intensity minima is 
determined by the ratio of the width of a slit b to the wavelength A. 
It can be seen from condition (18.25) that sin p = +kA/b. The mag- 
nitude of sin @ cannot exceed unity. Hence, k\/b<1, whence 


k<? (18.27) 


At a slit width less than a wavelength, minima do not appear at all. 
In this case, the intensity of the light monotonously diminishes 
from the middle of the pattern toward its edges. 

The values of the angle obtained from the condition b sin ọ = 
= +A correspond to the edges of the central maximum. These 
values are --arcsin (A/b). Consequently, the angular width of the 
central maximum is 


69 = 2aresin + (18.28) 


When b >A, the value of sin (A/b) can be assumed equal to Ab. 
The equation for the angular width of the central maximum is thus 


simplified as follows: 
hee os (48.29) 
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equals the algebraic sum of the amplitudes of the oscillations being 
added. When A = b sin Ọ =N2, the oscillations from edges of 
A the slit are in counterphase. Ac- 

0) SS cordingly, the vectors AA arrange 
JA themselves along aʻsemicirele of 

ah length A, (Fig. 18.290). Hence, 
253 the resultant amplitude is 2A oln. 
/ When A =dsin@ =A, the os. 

/ cillations from the edges of the 

w i Ay slit differ in phase by 2n. The 
i corresponding vector diagram is 

\ shown in Fig. 18.29c. The vec- 

N tors AA arrange themselves along 
-4 a circle of length A,. The resul- 
tant amplitude is zero—the first 

minimum is obtained. The first 

maximum is obtained at A = 

(c) A =b sin ọ = 34/2. In this case, 
the oscillations from the edges 
of the slit differ in phase by 3n. 
Constructing sequentially the 


vectors AA, we travel one-and-a- 

(a) A,= “4a half times around a circle of dia- 
oe meter A, —24,/3n (Fig. 18.29d). 

It is exactly the diameter of this 

Fig. 18.29 circle that is the amplitude of the 


first maximum. Thus, the inten- 
sity of the first maximum is J, = (2/37)? Ig x 0.04575. We can 
find the relative intensity of the other maxima in a similar way. 
As a result, we get the following proportion: 
EAD A Tes. 4s (2 E AAT A ye 
7 PRN LW Pats U EE (=) : (=) (ai) = 


=1:0.045 :0.016:0.008:... (18.30) 


Thus, the central maximum Considerably exceeds the remaining 
maxima in intensity; the main fraction of the light flux passing 


Diffraction of Light 409 


Let us establish a quantitative criterion permitting us to deter- 
mine the kind of diffraction that will occur in each particular case. 
We shall find the path difference of the rays from the edges of the 
slit to point P (Fig. 18.30). We apply the 
cosine law to the triangle with the legs 
r, r+ A, and b 


(r+ A)? =r2+ b?— 2rb cos ($+9) 


Simple transformations yield 

2rA + A? = b? + 2rb sin p (18.34) 
We are interested in the case when the 
rays travelling from the edges of the slit 
to point P are almost parallel. When this 
condition is observed, A? << rA, and we 
can therefore ignore the addend A? in 
Eq. (48.31). In this approximation 


A=E+bsing — (18.32) 


In the limit at r—> oo, we get a value of the path difference Ao 
= b sin @ that coincides with the expression in Eq. (18.25). 

At finite r’s, the nature of the diffraction pattern will be deter- 
mined by the relation between the difference A — A æ and the wave- 


length A. If 
A—Aa<A (18.33) 


the diffraction pattern will be virtually the same as in Fraunhofer 
diffraction. At A — Aq comparable with a (i.e. A— Aw ~A), 
Fresnel diffraction will take place. 

It follows from Eq. (18.32) that 


Fig. 18.30 


b? 
A— be =, YT 
(here Z is the distance from the slit to the screen). Introduction of 
this expression into inequality (48.33) gives the condition (5/1) << 
<A or 
bi (18.34) 


Thus, the nature of diffraction depends on the value of the dimen- 


sionless parameter 
a (48.35) 


If this parameter is much smaller tha 
is observed, if it is of the order of unity, 


n unity, Fraunhofer diffraction 
Fresnel diffraction is observed, 
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and, finally, if ‘this Parameter is much greater than unity, the 
approximation of geometrical optics is applicable. For convenience 
of comparison, let us write what has been said above in the follow- 
ing form: 


kas ~ 1—fFresnel diffraction (18.36) 


l & 1— Fraunhofer diffraction 
> 1— geometrical optics 


Parameter (18.35) can be given a visual interpretation. Let us 
take point P opposite the middle of a slit (Fig. 18.31), For this 
b point, the number m of Fresnel zones opened 

ast by the slit is determined by the expression 


(img) =e (hy 


À 
i ia Opening the parentheses and discarding the 
addend proportional to A, we get* 


b2 b2 
m= vE (18.37) 
P Thus, parameter (18.35) is directly associated 
Fig. 18.34 with the number of uncovered Fresnel zones 


(for a point opposite the middle of the slit). 
If a slit opens a small fraction of the central Fresnel zone (m <1), 


It is clear from what has been said above that the value of the 
parameter (18.35) is the criterion of the applicability of geometrical 


* We must note that the number of open zones will be larger for points 
greatly displaced to the region of the geometrical shadow. 
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optics (it must be much greater than unity) instead of the smallness 
of the wavelength in comparison with the characteristic dimension 
of the barrier (for example, the width of the slit). Assume, for in- 
stance, that both ratios b/\ and l/b equal 100. In this case, A < b, 
but b?/7A = 1, and, therefore, a distinctly expressed Fresnel diffrac- 
tion pattern will be observed. 


18.6. Diffraction Grating 


A diffraction grating is a collection of a large number of identical 
equispaced slits (Fig. 48.32). The distance d between the centres 
of adjacent slits is called the period of the grating. 

Let us place a converging lens parallel to a grating and put a 
screen in the focal plane of the lens. We shall determine the nature 
of the diffraction pattern. obtained on 
the screen when a plane light wave falls 
on the grating (we shall consider for 
simplicity’s sake that the wave falls 
normally on the grating). Each slit pro- 
duces a pattern on the screen that is 
described by the curve depicted in 
Fig. 18.28. The patterns from all the ` ? J 
slits will be at the same place on the 
screen (regardless of the position of the Fig. 18.32 
slit, the central maximum is opposite 
the centre of the lens). If the oscilla- 7 
tions arriving at point P from different slits were incoherent, the 
resultant pattern produced by N slits would differ from the pattern 
produced by a single slit only in that all the intensities would grow 
N times. The oscillations from different slits are coherent to a greater 
or smaller extent, however. The resultant intensity will therefore 
differ from NI, [Tọ is the intensity produced by one slit; see Eq. 
(18.26)]. z 

We shall assume in the following that the coherence radius of the 
incident wave is much greater than the length of the grating so that 
the oscillations from all the slits can be considered coherent relative 
to one another. In this case, the resultant oscillation at point P 
whose position is determined by the angle ọ is the sum of N oscil- 
lations having the same amplitude Ao: shifted relative to one another 
in phase by the same amount 6. According to Eq. (17.47), the inten- 
sity in these conditions is 


ae 


N, 


sin? (Nô/2) .38 
Toe = Teint 2) Spe 


(here Jy plays the part of Io). 


412 Optics 
Sa a 


A glance at Fig. 18.32 shows that the path difference from adjacent 
slits is A —dsin ọ. Hence, the phase difference is 


b= Int = Zasing (18.39) 
where A is the wavelength in the given medium 


Introducing into Eq. (18.38) Eqs. (18.26) and (18.39) for J, and 
6, respectively, we get 


sin? (xb sin @/A) sin? (Nd sin @/A) (18.40) 


Tgr= Io (xb sin @/A)® sin? (nd sin @/A) 


(To is the intensity produced by one slit opposite the centre of the 
lens). 

The first multiplier of I, in Eq. (18.40) vanishes for points for 
which condition (18.25) is observed, i.e., 


bsing =+kN (k =1,2,3,...) 


At these points, the intensity produced by each slit individually 
equals zero. 

The second multiplier of J) in Eq. (18.40) acquires the value NV? 
for points satisfying the condition 


dsing = +m (m =0, 1, 2, .. .) (18.41) 


[see Eq. (17.49)]. For the directions determined by this condition, 
the oscillations from individual slits mutually amplify one another. 
As a result, the amplitude of the oscillations at the corresponding 
point of the screen is 


Amax=N Ag (18.42) 


(A % is the amplitude of the oscillation emitted by one slit at the 
angle @). 
Condition (18.41) determines the positions of the intensity maxi- 
ma called the principal ones. The number m gives the order of the 
principal maximum. There is only one zero-order maximum, and 
there are two each of the maxima of the 1st, 2nd, etc. orders. 
Squaring Eq. (18.42), we find that the intensity of the principal 
maxima Jax is N? times greater than the intensity J, produced 
in the direction ọ by a single slit: 


Tmax= NI, (48.43) 


Apart from the minima determined by condition (18.25), there 
are N — 1 additional minima in each interval between adjacent 
principal maxima. These minima appear in the directions for which 
the oscillations from individual slits mutually destroy one another. 
In accordance with Eq. (17.50), the directions of the additional 
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minima are determined by the condition 
dsing=4+-4% (18,44) 
(ki =4, 2, ...,N—1,N +14, ..., 2N—1, 2N-+4, ...) 


In Eq. (18.44), k’ takes on all integral values except for0,V,2N,... 
.. ., Le. except for those at which Eq. (18.44) transforms into 
Eq. (18.41). 

It is easy to obtain condition (18.44) by the method of graphical 
addition of oscillations. The oscillations from the individual slits 


k'=2 
Fig. 18.33 


are depicted by vectors of the same length. According to Eq. (18.44), 
each of the following vectors is turned relative to the preceding 
one by the same angle 


2n yos 2m yr 
b= dsing= i k 


Therefore when &’ is not an integral multiple of V, we put the tip 
of the following vector against the tail of the preceding one and 
obtain a closed broken line that completes k' (when k’ < N/2) 
or N — k' (when k’ >N/2) revolutions before the tail of the N-th 
vector contacts the tip of the first one. The resultant amplitude 
accordingly equals zero. The above is explained in Fig. 18.33 that 
shows the sum of the vectors for M =9 and for the values of k 
equal to 4, 2, and N — 1 = 8. i 

Between the additional minima, there are weak secondary maxi- 
ma. The number of such maxima falling to an interval between 
adjacent principal maxima is N — 2. We showed in Sec. 17.6 that 
the intensity of the perony maxima does not exceed 1/22nd 
of that of the closest principal maximum. 

Figure 18.34 at pr of function (18.40) for N =4 and 
dlb — 3. The dash curve passing through the peaks of the principal 
maxima shows the intensity produced by one slit multiplied by N' 
[see Eq. (18.43)]. At. the ratio of the grating period to the slit width 
used in the figure (d/b = 3), the principal maxima of the third, 
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N, 


4-3-4 NEKET 
CD 1D KAIRON G3) 


Fig. 18.34 


r-th order will be superposed on the s-th minimum from one slit, 
the maximum of the 2r-th order will be superposed on the 2s-th 
Minimum, etc. As a result, the maxima of orders r, 2r, 3r, etc. will 
be absent. 

The number of principal maxima observed is determined by the 
ratio of the period of the grating d to the wavelength A. The mag- 


nitude of sin cannot exceed unity. It therefore follows from Eq. 
(18.44) that 


m$ (18.45) 


Let us determine the angular width of the central (zero) maximum. 
The position of the additional minima closest to it is determined 
by the condition d sin P = A/N [see Eq. (18.44)], Hence, values 
of p equal to +arcsin (\/N@) correspond to these minima. We thus 


obtain the following expression for the angular width of the central 
maximum: 


mi Davee dee ak 
890= 2aresin Foy ot (18.46) 
(we have taken advantage of the circumstance that A/Nd <1). 

The position of the additional minima closest to the principal 
maximum of the m-th order is determined by the condition d sin Qg = 
= (m + 1/N) 4. Hence, for the angular width of the m-th maximum, 
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we get the expression 


Nid 


Introducing the notation mA/d =z and A/Nd = Az, we can write 
this equation in the form 


Pm = arcsin (z + Az) — arcsin (x — Az) (18.47) 


With a great number of slits, the value of Ar = )/Nd will be very 
small. We can therefore assume that arcsin (x + Az) ~ arcsin x + 


vr vr v 


ÔPm = arcsin (mt) 4 — arcsin (m—+) fs 


Fig. 18.35 


+ (arcsin z)’ Az. The introduction of these values into Eq. (18.47) 
leads to the approximate expression ' 


n , 2A: i A 
5Qm Æ 2 (arcsin z) At ea Vicia Nd (18.48) 


When.m = 0, this expression transforms into Eq. (18.46), 

The product Nd gives the length of the diffraction grating, Conse- 
quently, the angular width of the princi al maxima is inversely 
proportional to the length of the grating. The width 59,, grows with 
an increase in the order m of a maximum. 

The position of the principal maxima depends on the wave- 
length À. Therefore, when white light is passed through a grating, 
all the maxima except for the central one will expand into a spectrum 
whose violet end faces the centre of the diffraction pattern, and 
whose red end faces outward. Thus, a diffraction grating is a spectral 
instrument. We must note that whereas a glass prism deflects violet 
rays the greatest, a diffraction grating, on the contrary, deflects 
red rays:to a greater extent. 

Figure 18.35 shows schematically the spectra of different orders 
produced by a grating when white light is passed through it. At 
the centre is a narrow zero-order maximum; only its edges are coloured 
[according to expression (18.46), 5 depends on AJ. At both 
sides of the central maximum are two first-order spectra, then two 
second-order spectra, etc. The positions of the red end of the m-th 
order spectrum and the violet end of the (m + 4)-th order one are de- 
termined by the relations 


" 0.40 
sin amie, sin gy = (m+ 1) = 
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where d has been taken in micrometres. When the condition is 
observed that 
0.76m > 0.40 (m + 1) 


the spectra of the m-th and (m + 1)-th orders partly overlap. The 
inequality gives m >10/9. Hence, partial overlapping begins from 
the spectra of the second and third orders (see Fig. 18.35, in which 
for illustration the spectra of different orders are displaced relative 
to one another vertically). 

The main characteristics of a spectral instrument are its dispersion 
and resolving power. The dispersion determines the angular or 
linear distance between two spectral lines differing in wavelength 
by one unit (for example by 4 A). The resolving power determines 
the minimum difference between wavelengths 64 at which the two 
lines corresponding to them are perceived separately in the spectrum. 

The angular dispersion is defined as the quantity 


Bt 2 (18.49) 


where Sq is the angular distance between spectral lines differing 
in wavelength by 6A. 

To find the angular dispersion of a diffraction grating, let us 
differentiate condition (48.41) for the principal maximum at the 
left with respect to and at the right with respect to A. Omitting 
the minus sign, we get 

(d cos @) dp = m 6A 
whence 

L êp om 

D= EET (18.50) 
Within the range of small angles, cos ọ ~ 1. We can therefore 
assume that 

D% + (18.51) 

It can be seen from expression (18.51) that the angular dispersion 
is inversely proportional to the grating period d. The higher the 
order m of a spectrum, the greater is the dispersion. 

Linear dispersion is defined as the quantity 


Dijin n (18:52) 


where ôl is the linear distance on a screen or photographic plate 
between spectral lines differing in wavelength by à. A glance at 
Fig. 18.36 shows that for small values of the angle p we can assume 
that ôl ~ f'ôp, where f’ is the focal length of the lens gathering 
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the diffracted rays on a screen. Consequently, the linear dispersion 
is associated with the angular dispersion D by the relation 

Din = f'D 
Taking expression (18.51) into consideration, we get the following 
equation for the linear dispersion of a diffraction grating (with 
small g’s): 

Din=f' > (18.53) 


The resolving power of a spectral instrument is defined as the 
dimensionless quantity 


A 
R=% (18:54) 


where 6A is the minimum difference between the wavelengths of two 
spectral lines at which these lines are perceived separately. 


a Op 
Fy B 
al (a) (6) 
Fig. 18.36 Fig. 18.37 


The possibility of resolving (i.e. perceiving separately) two close 
spectral lines depends not only on the distance between them (that 
is determined by the dispersion of the instrument), but also on the 
width of the spectral maximum. Figure 18.37 shows the resultant 
intensity (solid curves) observed in the superposition of two close 
maxima (the dash curves). In case a, both maxima are perceived as a 
single one. In case b, there is a minimum between the maxima. Two 
close maxima are perceived by the eye separately if the intensity 
in the interval between them is not over 80 per cent of the intensity 
of a maximum, According to the criterion proposed by the British 
physicist John Rayleigh (1842-1919), such a ratio of the intensities 
occurs if the middle of one maximum coincides with the edge of 
another one (Fig. 18.376). Such a mutual arrangement of the maxima 
is obtained at ə definite (for the given instrument) value of ôA. 

Let us find the resolving power of a diffraction grating. The posi- 
tion of the middle of the m-th maximum for the wavelength A + ôA 


27—7796 
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is determined by the condition 
@3iN Pmax = m (4+ 6A) 


The edges of the m-th maximum for the wavelength A are at angles 
complying with the condition 


dsin Pmin=(m + 5) 2 


The middle of the maximum for the wavelength A + 6A coincides 
with the edge of the maximum for the wavelength A if 


m (+ ôn) = (m+) a 
whence 
mõh = 


Solving this equation relative to À/6A, we get an expression for the 
resolving power: 
R =mN (18.55) 


Thus, the resolving power of a diffraction grating is proportional 
to the order m of the spectrum and the number of slits N. 

Figure 18.38 compares the diffraction patterns obtained for two 

spectral lines with the aid of gratings differing in the values of the 

4 4 dispersion D and the resolving power R. 

5 si Gratings J and II have the same resolving 

á power (they have the same number of slits 

ciems N), but a different dispersion (in grating J, 

a 4 the period d is double and the dispersion 

fi D is half of the respective quantities of 

if grating IJ). Gratings JJ and III have the 

— same dispersion (they have the same d’s), 


eae A but a different resolving power (the number 
u of slits N and the resolving power R of grat- 
ing IJ are double the respective quantities 

of grating TIT). 


Transmission and reflecting diffraction 

Fig. 18.38 gratings are in use. Transmission gratings 

are made from glass or quartz plates on 

whose surface a special machine using a diamond cutter makes a num- 
ber of parallel lines. The Spaces between these lines are the slits. 
Reflecting gratings are applied with the aid of a diamond cutter 
on the surface of a metal mirror. Light falls on a reflecting grating 
at an acute angle. A grating of period d functions in the same way 
as a transmission grating with the period d-cos 6, where @ is the 
angle of incidence of the light, would function with the light falling 
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normally. This makes it possible to observe a spectrum when light 
is reflected, for example, from a gramophone record having only 
a few lines (grooves) per millimetre if it is placed so that the angle 
of incidence is close to n/2. The American physicist Henry Rowland 
(1848-1901) invented a concave reflecting grating which focuses 
the diffraction spectra by itself (without a lens). 

The best gratings have up to 1200 lines per mm (d ~ 0.8 pm). 
It can be seen from Eq. (18.45) that no second-order spectra are 
observed in visible light with such a period. The total number of 
lines in such gratings reaches 200 000 (they are about 200 mm long). 
With a focal length of the instrument f’ = 2 m, the length of the 
visible first-order spectrum in this case is over 700 mm. 


18.7. Diffraction of X-Rays 


Let us place two diffraction gratings one after the other so that 
their lines are mutually perpendicular. The first grating (whose 
lines, say, are vertical) will produce a number of maxima in the 
horizontal direction. Their positions are determined by the condition 


d sing, = +m;à (m, =0, 1, 2... -) (18.56) 


The second grating (with horizontal lines) will divide each of the 


Fig. 18.39 Fig. 18.40 


beams formed in this way into vertically arranged maxima whose 
positions are determined by the condition 

d, sing, =-tm,A (m, =0, 1, 2,.. :) (18.57) 
As a result, the diffraction pattern will have the form of regularly 
arranged spots, with two integral indices m, and m, corresponding 


to each of them (Fig. 18.39). 4 et 
An identical diffraction pattern is obtained if instead of two 


separate gratings we take one transparent plate with two systems 


27* 


420 Optics 


rams instead of at the apices of rectangles 
(as in Fig. 18.39). In this case, 
the diffraction pattern can be used 
to determine not only the periods 
d, and d,, but also the angle a. 

Any two-dimensional periodic 
Structures such as a system of 
small apertures or one of opaque 
tiny spheres produce a diffraction 
pattern similar to that shown in 
Fig. 18.39. 

For diffraction maxima to ap- 
pear, it is essential that the period 
of the structure d be greater than 
4. Otherwise, conditions (18.56) and (18.57) can be satisfied only at 
values of m, and m, equal to zero (the magnitude of sin cannot 
exceed unity). 

Diffraction is also observed in three-dimensional structures, i.e. 
Spatial formations displaying periodicity along three directions 
not in one plane. All crystalline bodies are such Structures, Their 
period (~10-10 m), however, is too small for the observation of 
diffraction in visible light. The condition d >A is observed for 


Fig. 18.41 
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A, = d, cos a» (here d, is the period of the structure along the 
z-axis). Apart from this, the additional path difference A = d, cos œ 
is produced between the secondary wavelets propagating in directions 
that make the angle œ with the z-axis (all such directions lie along 
the generatrices of a cone whose axis is the z-axis). The oscillations 
from different structural elements will be mutually amplified for 
the directions for which 


d, (cos æ — cos @) = +m, (mj =0, 1, 2,...) (18.58) 


There is a separate cone of directions for each value of m,, and 
along these directions we get maxima of the intensity from one 
individually taken train parallel to the z-axis, The axis of this cone 
coincides with the z-axis. 

The condition of the maximum for a train parallel to the y-axis 
has the form 


d; (cos P — cos Bo) = -bmeA (my = 0, 1, 2, .. .) (18.59) 


where d, = period of the structure in the direction of the y-axis 
Bo = angle between the incident beam and the y-axis 
B = angle between the y-axis and the directions along which 
diffraction maxima are obtained. 

A cone of directions whose axis coincides with the y-axis corre- 
sponds to each value of mg. 

In directions satisfying conditions (18.58) and. (18.59) simulta- 
neously, mutual amplification of the oscillations from sources in the 
same plane perpendicular to the z-axis occur (these sources form 
a two-dimensional structure). The directions of the intensity maxima 
produced lie along the lines of intersection of the direction cones, 
of which one is determined by condition (18.58), and the second one 
by condition (18.59). 

Finally, for the train parallel to the z-axis, the directions of the 
maxima are determined by the condition 


ds (cos y — cos yo) ==Emsh (ms =0, 1, 2, .. -) (18.60) 


where dy = period of the structure in the direction of the z-axis 
Yo = angle between the incident beam and the z-axis 
y = angle between the z-axis and the directions along which 
diffraction maxima are obtained. 

As in the preceding cases, a cone of directions whose axis coincides 
with the z-axis corresponds to each value of ms. 

In the directions satisfying conditions (48.58), (18.59), and (18.60) 
simultaneously, mutual amplification of the oscillations from all 
the elements forming the three-dimensional structure occurs. As 
a result, diffraction maxima are produced by the three-dimensional 
structure. The directions of these maxima are on the lines of inter- 
section of three cones whose axes are parallel to the coordinate axes, 
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The conditions 
d, (Cos — cos a) = + mA, 
d, (cos B—cos Bo) = + m,A, (m:=0, 1, 2, ...) (18.61) 
d; (cos y— cos yo) = + MaA 


which we have found are called Laue’s formulas. Three integral 
numbers m,, m,, and ms correspond to each direction (a, B, y) deter- 
mined by these formulas. The greatest value of the magnitude of the 
difference between cosines is two. Hence, conditions (18.614) can be 
obeyed with values of the numbers m other than zero only provided 
that 4 does not exceed 2d. 
The angles a, B, and y are not independent. For example, when 
a Cartesian system of coordinates is used, they are related by the 
expression 
cos? a + cos? B + cos? y=1 (18.62) 


Thus, when ao, Bo, Yo, and A are given, the angles a, B, y determining 
the directions of the maxima can be found by solving a system of four 


equations are exactly the wavelengths for which maxima are ob- 
served). Generally Speaking, only one maximum Corresponds to each 
such value of A. Several symmetrically arranged maxima may be 


Tf the wavelength is fixed (monochromatic tadiation), the system 
of equations can be made simultaneous by varying the values of 
Qo, Bo, and yp, i.e. by turning the three-dimensional structure relative 
to the direction of the incident beam. 

We have not treated the question of how rays travelling from 
different structural elements are made to converge to one point on 


plate) even without a lens. 

The Russian scientist Yuri Vulf (1863-1925) and the British phys- 
icists William Henry Bragg (1862-1942) and his son William Law- 
rence Bragg (1890-1971) showed independently of each other that 
the diffraction pattern from a crystal lattice can be calculated in 
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the following simple way. Let us draw parallel equispaced planes 
through the points of a crystal lattice (Fig. 18.42). We shall call 
these planes atomic layers. If the wave falling on the crystal is 
plane, the envelope of the secondary waves set up by the atoms in 
such a layer will also be a plane. Thus, the summary action of the 
atoms in one layer canbe represented in the form of a plane wave 
reflected from an atom-covered surface according to the usual law of 
reflection. 

The plane secondary. wavelets reflected from different atomic 
layers are coherent and will interfere with one another like the waves 


Fig. 18.42 Fig. 18.43 


emitted in the given direction by different slits of a diffraction grat- 
ing. As in the case of a grating, the secondary wavelets will virtually 
destroy one another in all directions except those for which the 
path difference between adjacent wavelets is a multiple of 4. In- 
spection of Fig. 18.42 shows that the difference between the paths 
of two waves reflected from adjacent atomic layers is 2d sin 0, 
where d is the period of identity of the crystal in a direction at 
right angles to the layers being considered, and 0 is the angle supple- 
menting the angle of incidence and called the glancing angle of the 
incident rays. Consequently, the directions in which diffraction 
maxima are obtained are determined by the condition 


Qdsin@ =+mrA (m =1, 2,...) (18.63) 


This expression is known as the Bragg-Vulf formula. 

The atomic layers in a crystal can be drawn in a multitude of ways 
(Fig. 18.43). Each system of layers can produce a diffraction maxi- 
mum if condition (18.63) is observed for it. Only those maxima have 
an appreciable intensity, however, that are obtained as a result of 
reflections from layers sufficiently densely populated by atoms (for 
instance, from layers I and IJ in Fig. 18.43). 

We must note that calculations by the Bragg-Vulf formula and 
by Laue’s formulas [see Eqs. (18.64)] lead to coinciding results. 
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The diffraction of X-rays from crystals has two principal appli- 
cations. It is used to investigate the Spectral composition of X-ra- 
diation (X-ray Spectroscopy) and to study the structure of crystals 
(X-ray structure analysis). 

By determining the directions of the maxima obtained in the 
diffraction of the X*radiation being studied from crystals with 
a known structure, we can cal- 
-culate the wavelengths. Origi- 
nally, crystals of the cubic sys- 
tem were used to determine 
wavelengths, the Spacing of the 
planes being determined from 
the density and relative mo- 
lecular mass of the crystal, 

In the method of structural 
analysis proposed by von Laue, 
a beam of X-rays is directed onto 
a stationary monocrystal. The 
Tadiation contains a wavelength 

Fig. 18.44 at which condition (18.63) is 

Satisfied for each system of layers 

sufficiently densely populated by atoms. Consequently, we obtain 
a collection of black spots on a photographic plate placed behind 
the crystal (after development). The mutual arrangement of the 
spots reflects the Symmetry of the crystal. The distances between 
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a wire-shaped specimen. The specimen is put along the axis of 
a cylindrical chamber on whose side surface a photographic film 
is placed (Fig. 18.45). Among the enormous number of chaotically 
oriented minute crystals, there will always be a multitude of such 
ones for which condition (18.63) will be observed, the diffracted ray 
being in the most diverse planes for different crystals. As a result, 
for each system of atomic layers and each value of m, we get not 


Fig. 18.46 


one direction of a maximum, but a cone of directions whose axis 
coincides with the direction of the incident beam (see Fig. 18.45). 
The pattern obtained on the film (a Debye powder pattern) has the 
form shown in Fig: 418.46. Each pair of symmetrically arranged 
lines corresponds to one of the diffraction maxima satisfying con- 
dition (18.63) at a certain value of m. The structure of the crystal 
can be determined by decoding the X-ray pattern. 


18.8. Resolving Power of an Objective 


Assume that a plane light wave falls on an opaque screen with 
a round aperture of radius b cut out of it. The number of Fresnel 
zones opened by the aperture for point P opposite the centre of the 
aperture at the distance / from it can be found by Eq. (18.13) assum- 
ing that a = œ, rọ = b, and b = l. The result is 


b? 
m=- (18.64) 


[compare with expression (18.37)]. 

In the same way as for a slit, depending on the value of parameter 
(18.64), we have to do either with the approximation of geometrical 
optics, or Fresnel diffraction, or, finally, Fraunhofer diffraction [see 
expressions (18.36)]. 

We can observe a Fraunhofer diffraction pattern from a round 
aperture on a screen in the focal plane of a lens placed behind the 
aperture by directing a plane light wave onto the aperture. This 
pattern has the form of a central bright spot surrounded by alter- 
nating dark and bright rings (Fig. 18.47). The corresponding cal- 
culations show that the first minimum is at the angular distance 
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from the centre of the diffraction pattern of 


min = aresin 1.22 È (18.65) 


where D is the diameter of the aperture [compare with Eq. (18.28)). 
If D> 4, we may consider that 


min =1.22 4 (18.66) 


The major part (about 84 per cent) of the light flux passing through 
the aperture gets into the region of the central bright spot. The 
intensity of the first bright ring is only 
1.74 per cent, and of the second, 0.41 per 
cent of the intensity of the central spot. The 
intensity of the other bright rings is still 
smaller. For this reason, in a first approx- 
imation, we may consider that the dif- 
fraction pattern consists of only a single 
bright spot with an angular radius deter- 
mined by Eq. (18.65). This spot is in essence 
the sage a an infinitely remote point 
source of light (a plane light wave falls on 
sae ge 1229 Sg the aperture), sad p 

The diffraction pattern does not depend 
Fig. 18.47 on the distance between the aperture and the 
lens. In particular, it will be the same when 


mount D. 
_ With a very small angular distance between two points, their 
mages obtained with the aid of an optical instrument will be super- 


aS we say, will not be resolved by the instrument. Consequently, 
no matter how great the image is in size, the corresponding details 
will not be seen on it. 

Let ôyp stand for the smallest angular distance between two points 
at which they can still be resolved by an optical instrument. The 
reciprocal of ôp is called the resolving power of the instrument: 


R= s (48.67) 
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Let us find the resolving power of the objective of a telescope or 
camera when very remote objects are being looked at or photographed. 
In this condition, the rays travelling into the objective from each 
point of the object may be considered parallel, and we can use for- 
mula (18.65). According to the Rayleigh criterion, two close points 
will still be resolved if the middle of the central diffraction maximum 
for one of them coincides with the edge of the central maximum 
(i.e. with the first minimum) for the second one. A glance at Fig. 18.48 


Fig. 18.48 


shows that this will occur if the angular distance between the points 
6p will equal the angular radius given by Eq. (18.65). The diameter 
of the objective mount D is much greater than the wavelength A. 
We may therefore consider that 


bp = 1.224 
Hence, 
D 
R= (18.68) 


It can be seen from this formula that the resolving power of an objec- 
tive grows with its diameter. 

The diameter of the pupil of an eye at normal illumination is 
about 2 mm. Using this value in Eq. (18.68) and taking 4 = 0.5 x 
x 10-5 mm, we get 


Sip = 1.22 x 2X10 L 0.305 x 10 rad ~ 1 


Thus, the minimum angular distance between points at which the 
human eye still perceives them separately equals one angular minute, 
It is interesting to note that the distance between adjacent light- 
sensitive elements of the retina corresponds to this angular distance, 


18.9. Holography 
Holography (i.e. “complete recording”, from the Greek “holos” 


meaning “the whole” and “grapho”—“write”) is a special way of 
recording the structure of the light wave reflected by an object on 
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a photographic plate. When this plate (a hologram) is’ illuminated 
with a beam of light, the wave recorded on it is reconstructed “in 
practically its original form, so that when the eye perceives the 
reconstructed wave, the visual sensation is virtually the same as 
it would-be if the object itself were observed. 

Holography was invented in 1947 by the British physicist. Dennis 
Gabor. The complete embodiment of Gabor’s idea became possible, 
however; ‘only after the ap- 
pearance in 1960 of light sources 
having a high degree of coher- 
ence— lasers. Gabor’s initial 
arrangement was improved by 
the American physicists Em- 
met Leith and Juris Upat- 
nieks, who obtained the first 
laser holograms in 1963. The 
Soviet scientist Yuri Denisyuk 
in 1962 proposed an original 
method of recording holograms 
on a thick-layer emulsion. 
This method, unlike holograms 
ion a thin-layer emulsion, pro- 
duces a coloured image of the 
object. 

We shall limit ourselves to 
an elementary consideration 
of the method of recording 
holograms on a thin-layer 
emulsion. Figure 418.494 con- 
tains a schematic view of an 


by the photographic plate. A plate exposed in this way and developed 
is a hologram. Two beams of light participate in forming the holo- 
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gram. In this connection, the arrangement described above is called 
two-beam or split-beam holography. 

To reconstruct the image, the developed photographic plate is 
put in the same’ place’ where it was in recording the hologram, and 
is illuminated with the reference beam of light (the part of the laser 
beam that illuminated the object in recording the hologram is now 
stopped). The reference beam diffracts on the hologram, and as a 
result a wave is produced having exactly the’same structure as the 
one reflected by the object. This wave produces a virtual image of 
the object that is seen by the observer. In addition to the wave form- 
ing the virtual image, another wave is produced that gives a real 
image of the object. This image is pseu- 
doscopic; this means that it has a relief 
which is the opposite of the reliefiof the ` z 
object—the convex spots are replaced by 
concave ones, and vice versa. 

Let us consider the nature of a holo- 
gram and the process of image reconstruc- 
tion. Assume that two coherent parallel 
beams of light rays fall on the photo- 
graphic plate, with the angle® sp between \ 
the beams (Fig. °18.50). Beam Z is the Fig. 18.50 
reference one, and beam 2, the object 
one (the object in the given case is an infinitely remote point). 
We shall assume for simplicity that beam 7 is normal to the plate. 
All the results obtained below also hold when the reference beam 
falls at an angle, but the formulas will be more cumbersome. 

Owing to the interference of the reference and object beams, a 
system of alternating straight maxima and minima of the intensity 
is formed on the plate. Let points A and B correspond to the middles 
of adjacent interference maxima. Hence, the path difference A’ 
equals A. Examination of Fig. 18.50 shows that A’ = d sinap; hence, 


dsiny =A (18.69) 


Having recorded the interference pattern on the plate (by exposure 
and developing), we direct reference beam 7 at it. For this beam, 
the plate plays the part of a diffraction grating whose period d 
is determined by Eq. (18.69). A feature of this grating is the cir- 
cumstance that its transmittance changes in a direction perpendic- 
ular to the “lines” according to a cosine law (in the gratings treated 
in Sec. 18.6 it changed in a jump: gap-dark-gap-dark, etc.). The 
result of this feature is that the intensity of all the diffraction maxi- 
ma of orders higher than the first one virtually equals zero. 

When the plate is illuminated with the reference beam (Fig. 18.51), 
a diffraction pattern appears whose maxima form the angles ọ 
with a normal to the plate. These angles are determined by the 


4re— did 
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condition 
dsing =mÀ (m =0, +1) (48.70) 


[compare with formula (18.41)]. The maximum corresponding to 
m = 0 is on the continuation of the reference beam. The maximum 
corresponding to m — +4 has the same direction as object beam 2 
did during the exposure [compare Eqs. (18.69) and (18.70)]. In 
addition, a maximum corresponding to m = —1 appears. 

It can be shown that the result we have obtained also holds when 
object beam 2 consists of diverging rays instead of parallel ones. 
The maximum corresponding to m — +1 has the nature of diverging 
beam of rays 2’ (it produces a virtual image of the point from which 
tays 2 emerged during the exposure); the maximum corresponding 
tom = —1, on the other hand, has the nature of a converging beam 
of rays 2” (it forms a real image of 
the point which rays 2 emerged from 
during the exposure). 

In recording the hologram, the plate 
is illuminated by reference beam 7 
and numerous diverging beams 2 re- 
flected by different points of the object. 
An intricate interference pattern is 
(net) nat) formed on the plate as a result of 

ri superposition of the patterns produced 

Fig. 18.54 by each of the beams 2 separately. 

When the hologram is illuminated with 

reference beam 7, all beams 2 are reconstructed, i.e. the complete 

light wave reflected by the object (m = +4 corresponds to it). Two 

other waves appear in addition to it (corresponding to m —0 and 

m = —1). But these waves propagate in other directions and do not 

hinder the perception of the wave producing a virtual image of the 
object (see Fig. 18.49). 

The image of an object produced by a hologram is three-dimen- 
Sional. It can be viewed from different positions. If in recording 
a hologram close objects concealed more remote ones, then by moving 
to a side we can look behind the closer object (more exactly, behind 
its image) and see the objects that had been concealed previously. 
The explanation is that when moving to a side we see the image 


exposure. When looking at the images of close and far objects, we 
have to accommodate our eyes as when looking at the objects them- 
selves, 

If a hologram is broken into several pieces, then each of them when 
illuminated will produce the same picture as the original hologram. 
But the smaller the part of the hologram used to reconstruct the 
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image, the lower is its sharpness. This is easy to understand by 
taking into account that when the number of lines of a diffraction 
grating is reduced, its resolving power diminishes [see Eq. (18.55)]. 

The possible applications of holography are very diverse. A far 
from complete list of them includes holographic motion pictures 
and television, holographic microscopes, and control of the quality 
of processing articles. The statement can be encountered in publi- 
cations on the subject that holography can be compared as regards 
its consequences with the setting up of radio communication. 


CHAPTER 19 POLARIZATION OF LIGHT 


19.1. Natural and Polarized Light 


We remind our reader that light is called polarized if the direc- 
tions of oscillations of the light vector in it are brought into order 
in some way or other (see Sec. 16.1). In natural light, oscillations 
in various directions rapidly and chaotically replace one another. 

Let us consider two mutually perpendicular electrical oscillations 
occurring along the axes z and y and differing in phase by ô: 


Ex =A, cos at, Ey =A, cos (wt + ô) (19.1) 
The resultant field strength E is the vector sum of the strengths E, 


and E, (Fig. 19.1). The angle ọ between the directions of the vec- 
tors E and E, is determined by the expres- 


re 2 Waco Fe cai 
Ey A 
=Y _ As cos (ot +ô) 
tampeni e ETAL (19.2) 


Fig. 19.4 direction of the light vector E, will experience 


Assume that the light waves Æ, and £ are coherent, with 5 
equal to zero or n. Hence, according to Eq. (19.2), 
tan p= +42 = const 
1 


Consequently, the resultant oscillation occurs in a fixed direction— 
e wave is plane-polarized. 
en A, = A,, and 6 = 7/2, we have 


tan p = +tan ot 


velocity equal to the frequency of oscillation œ. The light in this 
case will be circularly polarized. 
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To find the nature of the resultant oscillation with an arbitrary 
constant value of ô, let us take into account that quantities (19.1) 
are the coordinates of the tail of the resultant vector E (Fig. 19.2). 
We know from our treatment of oscillations (see Sec. 7.9 of Vol. I, 
p. 206 et seq.) that two mutually perpendicular harmonic oscilla- 
tions of the same frequency produce motion along an ellipse when 
summated (in particular, motion along a straight line or a circle 
may be obtained). Similarly, a point with the coordinates determined 
by Eqs. (19.1), i.e. the tail of vector E, 
travels along an ellipse. Consequently, 
two coherent plane-polarized light waves 
whose planes of oscillations are mutually 
perpendicular produce an elliptically 
polarized light wave when superposed 
on each other.- At a phase difference of 
zero or x, the ellipse degenerates into a 
straight line, and plane-polarized light 
is obtained. At ô = +n/2 and equality 
of the amplitude of the waves being 
added, the ellipse transforms into a 
circle—circularly polarized light is Fig. 19.2 
obtained. 

Depending on the direction of rotation of the vector E, right and 
left elliptical and circular polarizations are distinguished. If with 
respect to the direction opposite that of the ray the vector E rotates 
clockwise, the polarization is called right. and in the opposite case 
it is left. A 

The plane in which the ligħt vector oscillates in a plane-polarized 
wave will be called the plane of oscillations. For historical reasons, 
the term plane of polarization was applied not to the plane in which 
the vector E oscillates, but to the plane perpendicular to it. 

Plane-polarized light can be obtained from natural light with 
the aid of devices called polarizers. These devices freely transmit 
oscillations parallel to the plane which we shall call the polarizer 
plane and completely or partly retain the oscillations perpendicular 
to this plane. We shall apply the adjective imperfect to a polarizer 
that only. partly retains oscillations perpendicular to its plane. 
We shall apply the term “polarizer” for brevity to a perfect polarizer 
that completely retains the oscillations perpendicular to its plane 
and does not weaken the oscillations parallel.to its plane. 

Light is produced at the outlet from an imperfect polarizer in 
which the oscillations in one direction predominate over the oscil- 
lations in other directions. Such light is called partly polarized. 
It can be considered as a mixture of natural and plane-polarized 
light. Partly polarized light, like natural light, can be represented 
in the form of a superposition of two incoherent plane-polarized 
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waves with mutually perpendicular planes of oscillations. The 
difference is that for natural light the intensity of these waves is 
the same, and for partly polarized light it is different, 

If we pass partly polarized light through a polarizer, then when 
the device rotates about the direction of the ray, the intensity of 
the transmitted light will change within the limits from Fnaxto 
Imin. The transition from’one of these values to the other one will 
occur upon rotation through an angle of 7/2 (during one complete 
revolution both the maximum and the minimum intensity will be 
reached twice). The expression 


— Jmax—/min 
aye ease mm (19:3) 


is known as the degree of polarization. For plane-polarized light, 
Imm = 0, and P = 1. For natural light, Imax = Imin, and P = 0. 


Plane 
of polarizer N 
' 
i 


oS 


Fig. 19.3 Fig. 19.4 


The concept of the degree of polarization cannot be applied to ellip- 
tically polarized light (in such light’ the oscillations are com- 
peten ordered, so that the degree of polarization always equals 
unity). 

An oscillation of amplitude A occurring in a plane making the 
angle @ with the polarizer plane can be resolved into two oscillations 
having the amplitudes Aj =A cos pand A, = A sing (Fig. 19.3; 
the ray is perpendicular to the plane of the drawing). The first 
oscillation will pass through the device, the second will be retained. 
The intensity of the transmitted wave is proportional to Aĵ = 
= A? cos? g, i.e. is I cos? p, where T is the intensity of the oscillation 
of amplitude A. Consequently, an oscillation parallel to the plane 
of the polarizer carries along a fraction of the intensity equal to 
cos? p. In natural light, all the values of @ are equally probable. 
Therefore, the fraction of the light transmitted through the polarizer 
will equal the average value of cos? @, i.e. one-half. When the 
polarizer is rotated about the direction of a natural ray, the intensity 
of the transmitted light remains the same. What changes is only 


Polarization of Light 435 


the orientation of the plane of oscillations of the light leaving the 
evice. 

Assume that plane-polarized light of amplitude A, and intensity 
I, falls on a polarizer (Fig. 19.4). The component of the oscillation 
having the amplitude A = Ao cos 9, where ọ is the angle between 
the plane of oscillations of the incident light and the plane of the 
polarizer, will pass through the device. Hence, 
the intensity of the transmitted light I is deter- 
mined by the expression 


T= Ip c08 9 (19.4) 


Relation (19.4) is known as Malus’s law. It was 
first formulated by the French physicist Etienne 
Malus (1775-4812). 

Let us put two polarizers whose planes make 
the angle @ in the- path of a natural ray. 
Plane-polarized light whose intensity I, is 
half that of natural light Inat will emerge from Fig. 19.5 
the first polarizer. According to Malus’s law, 
light having an intensity of I, cos? p will emerge from the second 
polarizer. The intensity of the light transmitted through both 
polarizers is 


T=+ Inn 008" 9 (19.5) 


Assume that elliptically polarized light falls on a polarizer. The 
device transmits the component E; of the vector E in the direction 
of the plane of the polarizer (Fig. 49.5). The maximum value of this 
component is reached at points 7 and 2. Hence, the amplitude of 
the plane-polarized light leaving the device equals the length of or. 
Rotating the polarizer around the direction of the ray, we shall 
observe changes in the intensity ranging from Imax (obtained when 
the plane of the polarizer coincides with the semimajor axis of the 
ellipse) to Imin (obtained when the plane of the polarizer coincides 
with the semiminor axis of the ellipse). The intensity of light for 
partly polarized light will change in the same way upon rotation 
of the polarizer. For circularly polarized light, rotation of the polar- 
izer is not attended (as for natural light) by achange in the intensity 
of the light transmitted through the device. 


28° 
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19.2. Polarization in Reflection 
and Refraction 


Tf the angle of incidence of light on the interface between two 
dielectrics (for example, on the surface of a glass plate) differs from 
zero, the reflected and refracted rays will be partly polarized*, 
Oscillations perpendicular to the plane of incidence predominate 
in the reflected ray (in Fig. 19.6 these oscillations are denoted by 

points), and oscillations parallel to the 
plane of incidence predominate in the 
refracted ray (they are depicted in the 
figure by double-headed arrows). The 
degree of polarization depends on the 
angle of incidence. 

Let Osr stand for the angle satisfying 
the condition 


tan Op, = Mp (19.6) 


(m2 is the refractive index of the second 

medium relative to the first one), At an 

angle of incidence 6, equal to Osr, the 

Fig. 19.6 reflected ray is completely polarized (it 

contains only oscillations perpendicular 

to the plane of incidence). The degree of polarization of the refracted 

ray at an angle of incidence equal to Opr reaches its maximum value, 
but this ray remains polarized only partly. 

Relation (19.6) is known as Brewster's law, in honour of its dis- 
coverer, the British physicist David Brewster (1781-1868), and the 
angle Opr is called Brewster’s angle. It is easy to see that when light 
falls at Brewster's angle, the reflected and refracted rays are mutu- 
ally perpendicular. 

The degree of polarization of the reflected and refracted rays for 
different angles of incidence can be obtained with the aid of Fres- 
nel’s formulas. The latter follow from the conditions imposed on 
an electromagnetic field at the interface between two dielectrics**. 
These conditions include the equality of the tangential components 
of the vectors E.and H, and also the equality of the normal compo- 
nents of the vectors D and B at both sides of the interface (for one 
side the sum of the relevant vectors for the incident and. reflected 


* Elliptically polarized light is obtained u flection fro ductin, 
surface (for example, from ie surface of a metal). ban it ie d 

** Fresnel obtained these formulas on the basis of the notions of light as of 
elastic waves propagating in ether, 
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waves must be taken, and for the other, the vector for the refracted 
wave). 

Fresnel’s formulas establish the relations between the complex 
amplitudes of the incident, reflected, and refracted waves. We remind 
our reader that by the complex amplitude A is meant the expres- 
sion Aei*, where A is the conventional amplitude, and @ is the 
initial phase of the oscillations. Hence, the equality of two complex 
amplitudes signifies the equality of both the conventional amplitudes 
and the initial phases of ‘the two oscillations: 


Â = 4A, > Ay= 423% =% (19.7) 

When the complex amplitudes differ in sign, the conventional ones 
are the same, while the initial phases differ by n (ei* = —1): 

Ay=—A, > A= An HHT (19.8) 


Let us represent the incident wave in the form of a superposition 
of two incoherent waves in one of which the oscillations occur in 
the plane of incidence, and in the other, are perpendicular to this 
plane. Let us denote the complex amplitude of the first wave by Aj), 
and of the second by A,. We shall proceed similarly with the 
reflected and refracted waves. We shall use the same symbols for 
the amplitudes of the reflected waves, adding one prime, and the 
same symbols for the amplitudes of the refracted waves, adding 
two primes. Thus, 


A) and A, =amplitudes of the incident waves 
Aj; and A’, = amplitudes: of the reflected waves 
Aj, and A‘, =amplitudes of the refracted waves 


Fresnel’s formulas have the following form*: 
AS tan (0; — 9%) 
Aiy= An an (6,84) 
, g sin (0: —8s) 
Ay=—A. 0,58) (19.9) 
AeA 2 sin 0, cos 9 i 
i= 411 Sim (0,402) cos (0; — 8a) 
A =A 2 sin 0, cos 0; 
£1 sin (0+ 0a) 


(0, is the angle of incidence, and @, is the angle of refraction of the 
light wave). We must underline the fact that formulas (19.9) estab- 
lish the relations between the complex amplitudes at the interface 


* Fresnel’s formulas are customarily written without “caps” over the ampli- 
tudes. To underline the fact that we are dealing with complex amplitudes, 
however, we found it helpful to write the amplitudes with the “caps”. 
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between dielectrics, i.e. at the point of incidence of a ray on this 
interface. 

It can be seen from the last two of formulas (19.9) that the signs 
of the complex amplitudes of the incident and refracted waves at any 
values of the angles 0, and 0, are the same (the sum of 0, and 0, 
cannot exceed x). This signifies that when penetrating into the 
second medium, the phase of the wave does not undergo a jump. 

In dealing with the phase relations between an incident and a 
reflected wave, we must take into account that for a wave polarized 


(a) (6) 
Fig. 49.7 


perpendicularly to the plane of incidence, the coincidence of the 
signs of A, and A’, corresponds to the absence of a jump in the 


We obtain from the first, of formulas (19.9) that when 8, +6, = 
= 7/2, i.e. at 0, = Qp,, the amplitude Ajj, vanishes. Consequently, 
only oscillations perpendicular to the plane of incidence are present 
in the reflected wave—the latter is completely polarized. Thus, 
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Table 19.1 
0, < Op, 0, > ôB 
| (+8, < 7/2) | (01 F6 > 712) 
apse (styren Mtiaar uat Eb abebiicnl h sae eae wo 


The signs of Ay and Ay are| The sign of Âi is opposite to 


the same (a phase jump by *)|. that of A, (no phase jump) 
Ng > My 


0; > 0. The sign of Ay is opposite to| The sign of Ay is opposite to 
that of A’, (a phase jump that of 4, (a phase jump 
by 7) by 1) 


The sign of Ay is opposite to| The signs of Ay and A, are 

n < ni that of A, (no phase jump) the same (a phase jump by n) 

%<% |The signs of A’, and A, are |The signs of Ay, and A, are 
the same (no phase jump) the same (no phase jump) 


M a i r re 


At small angles of incidence, the sines and tangents in formulas 
(19.9) may be replaced by the angles themselves, and the cosines 
may be assumed equal to unity. In addition, in this case we may 
consider that @, = 74202 (this follows from the law of refraction 
after the sines are replaced with the relevant angles). As a result, 
Fresnel’s formulas for small angles of incidence acquire the form 


ope! 0,—8, _ 7 Ny3—1 
Ai, = Ay 0+ 82 ran nati 

ers 6,—9, eR na— 1 
Ar= iAy BaF A na tí 


(49.40) 
” 0, 
A= Ai ae, =A 


‘i By 2 
Al gpa i mFt 

Squaring Eqs. (19.10) and multiplying the expressions obtained 
by the refractive index of the relevant medium, we get relations 
between the intensities of the incident, reflected, and refracted rays 
for small angles of incidence [see expression (16.9)]. Here, for exam- 
ple, the intensity of the reflected light J’ can be calculated as the sum 
of the intensities of both components Ti and I’, because these com- 
ponents are not coherent in natural light [the intensities instead of 
the amplitudes are summated for incoherent waves, see Eq. (47.4)). 
As a result, we get 


t Nyy—i\2 MEN 2 
ror() nal (FT) 
From these formulas, we get Eqs. (16.33) and (16.34) for p and t. 


2 
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Ì 19.3. Polarization in Double Refraction 


When light passes: through all transparent crystals except for 
those belonging to the cubic system, a phenomenon is observed 
called double refraction*. It consists in that a ray falling on a crystal 
is split inside the latter into two rays propagating, generally speak- 
ing, with different velocities and in different directions. 

Doubly refracting (or birefringent) crystals are. divided into 
uniaxial and biaxial ones. In uniaxial crystals, one of the refracted 
rays obeys the conventional law of refraction, in particular it is 
in the same plane as the incident ray and a normal to the refracting 

surface. This ray is called an ordinary ray and 

is designated by the symbol o. For the other 

2e ray, called an extraordinary ray (designated 

by e), the ratio of the sines of the angle of 

incidence and the angle of refraction does not 

Temain constant when the angle of incidence 

varies. Even upon normal incidence of light 

Fig. 19.8 on a crystal, an extraordinary ray, generally 

speaking, deviates froma normal (Fig. 19.8). 

In addition, an extraordinary ray does not lie, as a rule, in the same 

plane as the incident ray and a normal to the refracting surface. 

Examples of uniaxial crystals are Iceland spar, quartz, and tour- 

maline. In biaxial crystals (mica, gypsum), both rays are extra- 

ordinary—the refractive indices for them depend on the direction 

in the crystal. In the following, we shall be concerned only with 
uniaxial crystals, 

Uniaxial crystals have a direction along which ordinary and 
extraordinary rays propagate without separation and with the same 
velocity**. This direction is known as the optical axis of the crystal. 
It must be borne in mind that an optical axis is not a straight line 
passing through a point of a crystal, but a definite direction in 
the crystal, Any straight line parallel to the given direction is an 
optical axis of the crystal. 

A plane passing through an optical axis is called a principal section 
or a principal plane of the crystal. Customarily, the principal section 
passing through the light ray is used. 

Investigation of the ordinary and extraordinary rays shows that 
they are both completely polarized in mutually perpendicular direc- 
tions (see Fig. 19.8). The plane of oscillations of the ordinary ray is 
perpendicular to a principal section of the crystal. In the extra- 


* Double refraction was first observed in 1669 b the Danish scientist Erasm 
Bartholin (1625-1698) for Iceland spar (a variety of calcium carbonate CaCOs— 
crystals of the hexagonal system). 

** Biaxial crystals have two such directions. 
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ordinary ray, the oscillations of the light vector occur in a plane 
coinciding with a principal section. When they emerge from the 
crystal, the two rays differ from each other only in the direction of 
polarization so that the terms “ordinary” and “extraordinary” have 
a meaning only inside the crystal. 

In some crystals, one of the rays is absorbed to a greater extent 
than the other. This phenomenon is called dichroism. A crystal of 
tourmaline (a mineral of a complex composition) displays very 
great dichroism in visible rays. An ordi- 


nary ray is virtually completely absorbed Optical axis 
in it over a distance of 1 mm. In crystals F of crystal 
of iodoquinine sulphate, one of the rays is 7 

absorbed over a path of about 0.1 mm. 

This circumstance has been taken advan- NY 
tage of for manufacturing a polarizing r \ 

device called a polaroid. It is a celluloid f 2 


film into which a great number of identi- 
cally oriented minute crystals of iodoqui- 
nine sulphate have been introduced. 

Double refraction is explained by the ani- 
sotropy of crystals. In crystals of the non- | 
cubic system, the permittivity € depends on 
the direction. In uniaxial crystals, e in Fig. 19.9 
the direction of an optical axis and in 
directions perpendicular to it has different values e and £. 
In other directions, e has intermediate values. According to Eq. (16.3) 
n =Ve. It thus follows from the anisotropy of e that different 
values of the refractive index n correspond to electromagnetic waves 
with different directions of the oscillations of the vector E. Therefore, 
the velocity of the light waves depends on the direction of oscilla- 
tions of the light vector E. 

In an ordinary ray, the oscillations of the light vector occur in 
a direction perpendicular to a principal section of the crystal (in 
Fig. 19.9 these oscillations are depicted by dots on the relevant ray). 
Therefore, with any direction of an ordinary ray (three directions i; 
2, and 3 are shown in the figure), the vector E makes a right angle 
with an optical axis of the crystal, and the velocity of the light wave 
will be the same, equal to Vo = clY &,. Depicting the velocity of an 
ordinary ray in the form of lengths laid off in different directions, 
we shall get a spherical surface. Figure 19.9 shows the intersection 
of this surface with the plane of the drawing. A picture such as that 


in Fig. 19.9 is observed in any principal section, i.e. in any plane 


O 


rays. 
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The oscillations in an extraordinary ray take place in a principal 
section. Therefore, for different rays, the directions of oscillations 
of the vector E (in Fig. 19.9 these directions are depicted by double: 
headed arrows) make different angles with an’ optical axis, For 
ray 7, the angle æ is 7/2, Owing to which the velocity iSv, = ¢// E Pe 
for ray 2, the angle a — 0, and the velocity is ve = c/V Ej. For 
ray 3, the velocity has an intermediate value. We can show that thè 
wave surface of extraordinary rays is an ellipsoid of revolution, At 
places of intersection with an optical axis of the crystal, this ellip- 
soid and the sphere constructed for the ordinary rays come into con- 
tact. 

Uniaxial crystals are characterized by a refractive index of an 
ordinary ray equal to Ro = c/vo, and a refractive index of an extra- 


Optical 
n a N 
WY, 
By, Z 2 
M ) \ 
Positive Negative 
a e Axis 
Fig. 19.10 Fig. 19.14 


ordinary ray perpendicular to an optical axis, equal to ne = clve. 
The latter quantity is called simply the refractive index of an extra. 
ordinary ray. 

Depending on which of the velocities, vu, or ve, is greater, positive 
and negative uniaxial crystals are distinguished (Fig. 19.10), For 
positive crystals, v, < v, (this means that Ne no). For negative 
crystals, Ve vp (ne <7)..It is simple to. remember what crystals 
are called positive and what negative. For positive crystals, the 
ellipsoid of velocities is extended along an optical axis reminding 
one of the vertical line in. the sign “1”: for negative crystals, the 
ellipsoid of velocities is extended in a direction perpendicular to an 
optical axis, reminding one of the sign “_”, 


can be determined with the aid of the Huygens principle. Figure 19.44 
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waves whose centres are in the interval between points 7 and 2 
are not shown in the figure) for the ordinary and extraordinary rays 
are evidently planes. The refracted ray o or e emerging from point 2 
_ passes through the point of con- 

tact of the envelope with the 
relevant wave surface. 

We remind our reader that 
rays are defined as lines along | 
which the energy of a light wave | 
propagates (see Sec. 16.1). A | ove ote 
glance at Fig. 19.14 showsthatthe © Axis (a) 
ordinary ray o coincides with 
a normal to the relevant wave 
surface. The extraordinary ray 
e, on the other hand, appreciably 
deviates from a normal to the 
wave surface. 

Figure 19.12 shows three cases 
of the normal incidence of light 
on the surface of a crystal differ- 
ing in the direction of the opti- 
cal axis. In case a, the rays o and 
e propagate along an optical axis 
and therefore travel without sepa- 
rating. Inspection of Fig. 19.126 
shows that even upon normal Fig. 19.42 
incidence of light on a refract- 
ing surface, an extraordinary ray may deviate from a normal to 
this surface (compare with Fig. 19.8). In Fig. 19.12c, the optical 
axis of the crystal is parallel to the refracting surface. In this case 
with normal incidence of the light, the ordinary and extraordinary 
rays travel in the same direction, but propagate with different 
velocities. The result is a constantly growing phase difference 
between them. The nature of polarization of the ordinary and 
extraordinary rays in Fig. 19.12 isnot indicated. It is the same as 
for the rays depicted in Fig. 19.11. 


19.4, Interference of Polarized Rays 


When two coherent rays polarized in mutually perpendicular 
directions are superposed, no interference pattern with the charac- 
teristic alternation of maxima and minima of the intensity can be 
obtained. Interference occurs only when the oscillations in the inter- 
acting rays occur along the same direction. The oscillations in two 
rays initially polarized in mutually perpendicular directions can be 
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brought into one plane by passing these rays through a polarizer 
installed so that its plane does not coincide with the plane of oscil- 
lations of any of the rays. 

Let us see what happens when an ordinary and an extraordinary 
Tay emerging from a crystal plate are superposed. Assume that the 
plate has been cut out parallel to an optical axis (Fig. 19.13). With 
normal incidence of the light on the plate, the ordinary and extra- 
ordinary rays will propagate without separating, but with different 


Axis 

7 

2 

Plate Polarizer 

plane 
>| d je Polarizer 
(a) (6) 
Fig. 19.13 


_ Velocities (see Fig. 19.12c). The following path difference appears 
between the rays while they pass through the plate: 


A = (nm —n,)d (49.44) 
or the following phase difference: 
= Moon) d or (19.12) 
0 


(@ is the plate thickness, and Ao the wavelength in a vacuum). 
Thus, if we pass natural light through a crystal plate cut out 
parallel to the optical axis (Fig. 19.132), two rays J and 2 that are 
polarized in mutually perpendicular planes will emerge from the 
plate*, and between them there will be a phase difference determined 


The Tays emerging from the polarizer are Produced as a result 
of division of the light obtained from a single source. Therefore, 
they ought to interfere. If rays 1 and 2 are produced as a result 


* In the crystal, Tay I was extraordinary and could be designated by the sym- 
bol e, and ray 2 was ordinary (o). Upon emerging from the crystal, these rays lost 
their right to be called ordinary and extraordinary. 
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of natural light passing through the plate, however, they do not 
interfere. The explanation is very simple. Although the ordinary 
and extraordinary rays are produced by the same light source, they 
contain mainly oscillations belonging to different wave trains emit- 
ted by individual atoms. The oscillations in the ordinary ray are 
predominantly due to the trains whose oscillation planes are close 
to one direction in space, whereas those in the extraordinary ray are 
due to trains whose oscillation planes are close to another direction 
perpendicular to the first one. Since the individual trains are inco- 
herent, the ordinary and extraordinary rays produced from natural 
light, and, consequently, rays J and 2 too, are also incoherent. 

Matters are different if plane-polarized light falls on a crystal 
plate. In this case, the oscillations of each train are divided between 
the ordinary and extraordinary rays in the same proportion (depend- 
ing on the orientation of an optical axis of the plate relative to the 
plane of oscillations in the incident ray). Consequently, rays o 
and e, and therefore rays 7 and 2 too, will be coherent and will 
interfere. 


19.5, Passing of Plane-Polarized 
Light Through a Crystal Plate 


Let us consider a crystal plate cut out parallel to an optical axis, 
We saw in the preceding section that when plane-polarized light 
falls on such a plate, the ordinary and extraordinary rays are coher- 
ent. At the entrance to the plate, the phase difference ô of these 
rays is zero, and at the exit from the plate 


LA 9g [onedd 
ô= ia 2n = On (19.13) 
[see Eqs. (49.41) and (19.12); we assume that the light falls on the 


plate normally]. 
A plate cut out parallel to an optical axis for which 


(mo— Re) d= my + 4 
(m is any integer or zero) is called a quarter-wave plate. An ordinary 
and an extraordinary rays Pas through such a plate acquire 
a phase difference equal to 7/2 (we remind our reader that the phase 
difference is determined with an accuracy to 2mm). A plate for which 
(Me— Me) d= mio + 22 


is called, a half-wave plate, etc. 
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Let us see how plane-polarized light passes through a half-wave 
dlate. The oscillation of E in the incident Tay occurring in plane P 
produces the oscillation of E, of the ordinary ray and the oscillation 
of E, of the extraordinary ray when entering the crystal (Fig. 19.14), 
During the time'spent in passing through the plate, the phase differ- 
ence between the oscillations of E, and E, changes by n. Therefore, 
at the exit from the plate, the phase relation between the ordinary 
and extraordinary rays will correspond to the mutual arrangement 
of the vectors E, and Es (at the entrance to the plate it corresponded 


Now let us pass plane-polarized light through a quarter-wave plate 
(Fig. 19.15). If we arrange the plate so that the angle between 
plane of oscillations P in the incident ray and plate axis O is 45 de- 


When plane-polarized light is passed through a plate with a frac- 
tional number of waves not coinciding with m +4 or m ++, 
two coherent light waves polarized in mitually perpendicular planes 
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will emerge from the plate. Their phase difference is other than 
1/2 and other than x: Hence, with any relation between the ampli- 
tudes of these waves depending on the angle (see Fig. 19.15), ellip- 
tically polarized light will be produced at the exit from the plate, 
and none of the axes of the ellipse will coincide with plate axis O. 
The orientation of the ellipse axes relative to axis O is determined 
by the phase difference 6, and also by the ratio of the amplitudes, 
i.e. by the angle @ between the plane of oscillations in the incident 
wave and plate axis 0. 

We must note that regardless of the plate thickness, when ọ is 
zero or 1/2, only one ray will propagate in the plate (in the first case 
an extraordinary ray, in the second case an ordinary one) so that at 
the plate exit the light remains plane-polarized with its plane of 
oscillations coinciding with P. 

If we place a quarter-wave plate in the path of elliptically 
polarized light and arrange its optical axis along one of the 
ellipse axes, then the plate will introduce an additional phase 
difference equal to x/2.As a result, the phase difference between 
two plane-polarized. waves whose sum is an elliptically po- 
larized wave becomes equal to zero or x, so that the superposition of 
these waves produces a plane-polarized wave, Hence, a properly turned 
quarter-wave plate transforms elliptically polarized light into 
plane-polarized light. This underlies a method by means of which we 
can distinguish elliptically polarized light from partly polarized 
light, or circularly polarized light from natural light. The light being 
studied is passed through a quarter-wave plate and a polarizer placed 
after it. If the ray being studied is elliptically polarized (or circular- 
ly polarized), then by rotating the plate and the polarizer around the 
direction of the ray, we can achieve complete darkening of the field 
of.vision. If the light is partly polarized (or natural), it is impossible 
to achieve extinction of the ray being studied with any position of 
the plate and polarizer. 


19.6. A Crystal Plate 
Between Two Polarizers 


Let us place a plate made from a uniaxial crystal cut out parallel 
to optical axis O between polarizers* P and P’ (Fig. 19.16). Plane- 
polarized light of intensity J will emerge from polarizer P. In pas- 
sing through the plate, the light in the general case will become el- 
liptically polarized. When it emerges from polarizer P’, the light 
will again be plane-polarized. Its intensity I’ depends on the mutual 


* "The second polarizer P” in the direction of ray propagation is also called 
an analyzer. 
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orientation of the planes of polarizers Pand P’ and an optical axis 
of the plate, and also on the phase difference ô acquired by the ordin- 


o 
Fig. 19.16 


parallel (Fig. 19.17a), and they are crossed (Fig. 19:17b). The light 
oscillation leaving polarizer P will be depicted by the vector E in 
plane P. At the entrance to the plate, the oscillation of E will pro- 
duce two oscillations—the oscillation of E, (ordinary ray) perpendi- 
` cular to the optical axis, and the oscillation of E, (extraordinary ray) 


Fig. 19.17 


parallel to the axis. These oscillations will be coherent; in passing 
through the plate, they acquire the phase difference 6 that is deter- 
mined by the plate thickness and the difference between the refrac- 
tive indices of the ordinary and extraordinary rays, The amplitudes 
of these oscillations are the Same and equal 


Ey E 
BA Hee ce Tore (19.14) 
where Æ is the amplitude of the wave emerging from the first: po- 
larizer. 
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The components of the oscillations of E, and E, will pass through 
the second polarizer in the direction of plane P’. The amplitudes of 
these components in both cases equal those given by Eq. (19.14) 
multiplied by cos (7/4), i.e. 


Eo=Ee= 


tf 


(49.45) 


For parallel polarizers (Fig. 19.17a), the phase difference of the 
waves emerging from polarizer P’ is ô, i.e. the phase difference ac- 
quired when passing through the plate. For crossed polarizers (Fig. 
19.17), the projections of the vectors Eo and E, onto the direction of 
P' have different signs. This signifies that an additional phase 
difference equal to = appears apart from the phase difference ô. 

The waves leaving the second polarizer will interfere. The ampli- 
tude Æ of the resultant wave for parallel polarizers is determined by 
the relation 

Ej = E? + E? + 2EoEe cos 6 
and for crossed polarizers by the relation 
4 = EG + Ee + 2EoEe cos (6 +1) 
Taking Eq. (19.15) into consideration, we can write that 


Ej=+4 E244 42x 4 E? cosô= 4 Ee (1+ cos 8) = E? cos? $ 
E; =+ 4i E24 2x g Ecos (+n) = 
4 teps 
=z E (1—cos ô) = F? sin? > 


The intensity is proportional to the square of the amplitude. 
Hence, 
Ij=I cost 4; I, =Tsine S (19.16) 
Here Jj, = intensity of the light emerging from the second polarizer 
when the polarizers are parallel : 
I, =the same intensity when the polarizers are crossed 
T = intensity of the light that has passed through the first 
polarizer. 
It follows from formulas (19.16) that the intensities Jj, and 71 are 
“complementary”— their sum gives the intensity J. In particular, 
when 


6 =2mxn (m =1, 2,...) (19.17) 


the intensity Jj will equal J, while the intensity J‘, will vanish. 
At values of 
6 =(Qm+1)x (m =0,14, 2,...) (19.18) 


29—7796 
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on the other hand, the intensity Jý’ will vanish, while the intensity 
Ii reaches the value J. 

The difference between the refractive indices x) — ne depends on 
the wavelength of the light Ao. In addition, Ao directly enters expres- 
sion (19.13) for ô. Assume that the light falling on polarizer P con- 
sists of radiation of two wavelengths ^, and A, such that 6 for A, 
satisfies condition (19.17), and for A, condition (19.18). In this case 
with parallel polarizers, light of wavelength 4, will pass without 
hindrance through the system depicted in Fig. 19.16, whereas light 


Fig. 9.48 


equal to zero or n/2), the colours being less saturated, however. 

The phase difference ô depends on the plate thickness. Hence, if 
a doubly refracting transparent plate placed between polarizers has 
a different thickness at different places, the latter when observed 
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the light components will, generally speaking, be elliptically polar- 
ized. The orientation and the eccentricity of the ellipses for the wave- 
lengths 4, and As, and also for different halves of the plate, will 
be different. When the plane of polarizer P’ is placed in position 
P; in the light transmitted through P’ the wavelength A, will pre- 
dominate in the top half of the plate and the wavelength A, in the 
bottom half. Therefore, the two halves will be coloured differently. 
When polarizer P’ is placed in position P,» the colour of the top 
half will be determined by the light of wavelength A», and of the 
bottom half by the light of wavelength ^. Thus, when polarizer 
P’ is turned through 90 degrees, the two halves of the plate exchange 
colours, as it were. It is quite natural that this will occur only at 
a definite ratio of the thicknesses of the two halves of the plate. 


19.7. Artificial Double Refraction 

External action may cause double refraction to appear in trans- 
parent, amorphous bodies, and also in crystals of the cubic system. 
This occurs, in particular, upon the mechanical deformations of 


P p’ 


Fig. 19.19 Fig. 19.20 


bodies. The'difference between the refractive indices of an ordinary 
and an extraordinary ray is a measure of the appearance of optical 
anisotropy. Experiments show that this differente is proportional to 
the stress o at a given point of a body (i.e. to the force per unit area; 
see Sec. 2.9 of Vol. I, p. 64 et seq.): 

No — Ne = ko (19.19) 


(k is a proportionality constant depending on the properties of the 
substance). 

Let us place glass plate Q between crossed polarizers P and P’ 
(Fig. 19.19). As long as the glass is not deformed, such a system trans- 
mits no light. If the plate is subjected to compression, light begins 
to pass through the system, the pattern observed in the transmitted 
rays being speckled with coloured fringes. Each fringe corresponds 


29* 
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to identically deformed spots on the plate. Consequently, the dis- 
tribution of the fringes makes it possible to assess the distribution 


estimate their magnitude. 

The appearance of double refraction in liquids and amorphous sol- 
ids under the action of an electric field was discovered by the Scotch 
physicist John Kerr (1824-1907) in 1875. This effect was named the 
Kerr effect after its discoverer. In 1930, it was also observed in ga- 
ses, 

An arrangement for studying the Kerr effect in liquids is shown 
schematically in Fig. 19.20. It consists of a Kerr cell placed be- 


quires the properties of a uniaxial crystal with an optical ‘axis orien- 
ted along the field. 

The resulting difference between the refractive indices ny and ne is 
proportional to the square of the field strength Æ: 


Ny — Ne = kE2 (19.20) 


The path difference 
A = (no — ne) lL = kl E? 


appears between the ordinary and extraordinary rays along the path l 
The corresponding. phase difference is 


A k 
B= ay on = On 1a 


The latter expression is conventionally written in the form 
ô = 2nBlE? (19.21) 


where B is a quantity characteristic of a given substance and known 
as the Kerr constant. 

The Kerr constant depends on the temperature of a substance and 
on the wavelength of the light. Among known liquids, nitrobenzene 
(CsH;NO,) has the highest Kerr constant. 

The Kerr effect is explained by the different polarization of mole- 
cules in various directions. In the absence of a field, the molecules 
are oriented chaotically, therefore a liquid as a whole displays no 
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anisotropy. Under the action of a field, the molecules turn so that 
either their electric dipole moments (in polar molecules) or their di- 
rections of maximum polarization (in non-polar molecules) are orient- 
ed in the direction of the field. As a result, the liquid becomes opti- 
cally anisotropic. The thermal motion of the molecules counteracts 
the orienting action of the field. This explains the reduction in the 
Kerr constant with elevation of the temperature. 

The time during which the prevailing orientation of the molecules 
sets in (when the field is switched on) or vanishes (when the field is 
switched off) is about 10-?°s. Therefore, a Kerr cell placed between 
crossed polarizers can be used asa virtually inertialess light shutter. 
In the absence of a voltage across the capacitor plates, the shutter 
will be closed. When the voltage is switched on, the shutter trans- 
mits a considerable part of the light falling on the first polarizer. 


49.8. Rotation of Polarization Plane 


Natural Rotation. Some substances known as optically active 
ones have the ability of causing rotation of the plane of polarization 
of plane-polarized light passing through them. Such substances in- 
clude crystalline bodies (for example, quartz, cinnabar), pure liquids 
(turpentine, nicotine), and solutions of optically active substances 
in inactive solvents (aqueous solutions of sugar, tartaric acid, etc.). 

Crystalline substances rotate the plane of polarization to the great- 
est extent when the light propagates along the optical axis of the 
crystal. The angle of rotation @ is proportional to the path l tra- 
velled by a ray in the crystal: 


ọ =al (19.22) 


The coefficient œ is called the rotational constant. It depends on 
the wavelength (dispersion of the ability to rotate). 

In solutions, the angle of rotation of the plane of polarization is 
proportional to the path of the light in the solution and to the con- 
centration. of the active substance c: 


ọ = la) cl (19.23) 


Here [a] is a quantity called the specific rotational constant. 

Depending on the direction of rotation of the polarization plane, 
optically active substances are divided into right-hand and left- 
hand ones. The direction of rotation (relative to a ray) does not 
depend on the direction of the ray. Consequently, if.a ray that has 
passed through an optically active crystal along its optical axis is 
reflected by a mirror and made to pass through the crystal again in 
the opposite direction, then the initial position of the polarization 
plane is restored. 
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All optically active substances exist in two varieties—right- 
hand and left-hand. There exist right-hand and left-hand quartz, 


CZ, and CT. The alternation of the radicals X, 


x z Y, Z, T in molecule b is the opposite of their 
alternation in molecule a. Consequently, if, 
n IE z for example, a substance formed of molecules'a 
Y i 
@) 


is right-hand, then one formed of molecules 
(a) 


Fig. 19.21 (a crystal of quartz, a transparent tray with 


Magnetic Rotation of the Polarization Plane. Optically inactive 


holes are drilled in the pole shoes of an electromagnet, and a light 
ray is passed through them. The substance being studied is placed 
between the poles of the electromagnet. 

The angle of rotation of the polarization plane @ is proportional 


magnetization of the latter. The magnetization, in turn, is propor- 
tional to the magnetic field Strength H [see Eq. (7.44)]. We can 


9 = VIH (19.24) 
The coefficient V is known as the Verdet constant or the Specific mag- 
netic rotation. The constant V, like the rotational constant a, de- 
pends on the wavelength. 
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The direction of rotation is determined by the direction of the 
magnetic field. The sign of rotation does not depend on the direction 
of the ray. Therefore, if we reflect the ray from a mirror and make it 
pass through the magnetized substance again in the opposite direc- 
tion, the rotation of the plane of polarization will double. 

The magnetic rotation of the polarization plane is due to the pre- 
cession of the electron orbits (see Sec. 7.7) produced under the ac- 
tion of the magnetic field. 

Optically active substances when acted upon by a magnetic field 
acquire an additional ability of rotating the plane of polarization 
that is added to their natural ability. 


CHAPTER 20 INTERACTIOM OF 
ELECTROMAGNETIC 
WAVES 
WITH A SUBSTANCE 


20.1. Dispersion of Light 


By the dispersion of light are meant phenomena due to the depen- 
dence of the refractive index of a substance on the length of the light 
wave. This dependence can be characterized by the function 


=f (Ap) (20.1) 


where A, is the length of a light wave in a vacuum. 
The derivative of n with Tespect to A, is called the dispersion of 
a substance, 
Function (20.1) for all transparent colourless substances in the 
visible part of the Spectrum has the nature shown in Fig. 20.4. 
i Diminishing of the wavelength is attended 
n by an increase in the refractive index at a 


constantly growing rate. Hence, the dispersion 
N of a substance dn/dħ, is negative. Its absolute 


Fig. 20.4 persion of the substance dn/da, will be posi- 


20.2. Group Velocity 
Strictly monochromatic light of the kind 
E =A cos (ot — kr + a) (20.2) 


is an infinite sequence in time and space of “crests” and “valleys” 
propagating along the z-axis with the phase velocity 


va 2 (20.3) 
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[see Eq. (14.9)]. We cannot use such a wave to transmit a signal be- 
cause each following crest differs in no way from the preceding one. 
To transmit a signal, we must put a “mark” on the wave, say, inter- 
rupt it for a certain time At. In this case, however, the wave will 
no longer be described by Eq. (20.2). 

It is the simplest to transmit a signal with the aid of a light pulse 
(Fig. 20.2). According to the Fourier theorem, such a pulse can be 


Elz} 


Fig. 20.2 


represented as the superposition of waves of the kind given by Eq. 
(20.2) having frequencies confined within a certain interval Ao. 
A superposition of waves differing only slightly from one another in 
frequency is called a wave packet or a wave group. The analytical 
expression for a wave packet has the form 


@ptho/2 
E(z, th= f A, cos (ot — kot + Qo) do (20.4) 
O,—0/2 


(the subscript œ used with A, k, and œ indicates that these quanti- 
ties differ for different frequencies). With a fixed value of f, a plot of 
function (20.4) has the form shown in Fig. 20.2. When ¢ changes, 
the graph becomes displaced along the z-axis. Within the limits of 
a packet, plane waves amplify one another to a greater or smaller ex- 
tent. Outside these limits, they virtually completely annihilate one 
another. 

The relevant calculations show that the smaller the width of a 
packet Az, the greater is the interval of frequencies Aw or according- 
ly the greater is the interval of wave numbers Ak needed to describe 
a packet with the aid of Eq. (20.4). The following relation holds: 


AkAz x% 2n (20.5) 


We must stress the fact that for the superposition of waves described 
by Eq. (20.4) to be considered a wave packet, the condition 
Aw < op must be obeyed. 
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Ina non-dispersing medium, all the plane waves forming a packet 
Propagate with the same phase velocity v. It is evident that in this 


In this case, we can say that the packet travels with the velocity 
u, by which we mean the velocity of the centre of the packet, i.e, 
of the point with the maximum value of Æ. This velocity is called 


the group velocity. In a dispersing. medium, the group veloc- 
ity u differs from the phase velocity v (here we mean the phase veloc- 


shall show below that when adn/dhy < 0, the group velocity is smal- 
ler than the phase one (u<v); when dn/d\y >0, the group veloc- 
ity is greater than the phase one (u >v). 

Figure 20.3 shows “photographs” of a wave packet for three con- 
secutive moments ż,, t,, and t. The figure is for the case when 
u < v. Inspection of the figure shows that motion of the packet is 


When u >v, the directions of motion of the packet and of the 
crests inside it are opposite. 

Let us explain what has been said above using the example of the 
Superposition of two plane waves of the same amplitude and of different 
wavelengths 4. Figure 20.4 gives an “instant photograph” of the 
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waves. One of them is shown by a solid line, and the other by a dash 
line. The intensity is the greatest at point A where the phases of the 
two waves coincide at the given moment. At points B and C, the 
two waves are in counterphase, owing to which the intensity of the 
resultant wave is zero. Assume that both waves are propagating from 
left to right, the velocity of the “solid” wave being lower than that 
of the “dash” one (here dv/dA >0 and, consequently, dn/dà < 0). 


Fig. 20.4 


Thus, the place at which the waves amplify each other will move to 
the left with time relative to the waves. As a result, the group veloc- 
ity will be lower than the phase value. If the velocity of the “solid” 
wave is greater than that of the “dash” one (i.e. dn/dA>0), the place 
at which amplification of the waves occurs will move to the right 
so that the group velocity will be greater than the phase one. 

Let us write the equations of the waves, assuming for simplicity 
that the initial phases equal zero: 


E, =A cos (wt — kz) 

E, =A cos [(@ + Aw) t — (k + Ak) z) 
Here k = w/v,, and (k + Ak) = (œ + Ao)/v,. Assume that Ao < 
<w, hence Ak <k. Now, summating the oscillations and per- 
forming transformations according to the formula for the sum of co- 
sines, we get 


E=E,+H,=|[2Acos (421-4 z) } cos (a@t— kz) (20.6) 


(in the second multiplier, we have disregarded Aw in comparison 
with œ and Ak in comparison with hk). 

The multiplier in brackets varies much more slowly with z and 
t than the second multiplier. We can therefore consider expression 
(20.6) as the equation of a plane wave whose amplitude varies ac- 
cording to the law* 


Amplitude =|24 cos (21-4 z) | 


* Compare with Eqs. (7.86) and (7.87) of Vol. I, p. 205. The dependence of 
function (20.6) on z at a fixed value of t is depicted by a curve similar to the one 
in Fig. 7.44@ of Vol. I, p. 205. 
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In the given case, there is a number of identical amplitude maxima 
determined by the condition 


at Tmar = E ma (m=0, 4, 2, ...) (20.7) 


Each of these maxima can be considered as the centre of the relevant 
wave packet. 
Solving Eq. (20.7) relative to Zmax, We get 


Tmax = =e t+ const 


It thus follows that the maxima travel with the velocity 


Ao 
oa (20.8) 
The expression obtained is the group velocity for a packet formed by 
two components, 

Let us find the velocity with which the centre of a wave packet 
described by expression (20.5) travels. Passing over from cosines to 
exponents, we get 

@+4o/2 
E(z,t)= f Ag exp [i (ot—kex)] do (20.9) 


@-A0/2 


[Ay = Ay exp (ia) is the complex amplitude]. 
Let us expand the function ky —k (@) into a series in the vicini- 
ty of œ: 


ko=kot (3) (ow) +... (20.10) 


Here ko = k (co), and (dk/dw), is the value of the derivative at 
Point ùg. 

We shall introduce the variable E = © — @. Hence, @ = op + 
+ § and dw = dé, Performing such a substitution in Eq. (20.9) 
and introducing the value of ko from Eq. (20.10), we can write 


Aw/2 
E (z, t)=exp[i (Gye eae, f Az exp {i [e— (+), z] E} d$ 
-40/2 


(20.11) 
We have arrived at an equation of a plane wave of frequency «, 
wave number kp, and complex amplitude 
+40/2 dk 
A(z, t)= f A oxp {i[1—(# 7l} dË (20.12) 


~Ao@/2 
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It can be seen from Eq: (20.12) that the equation 


t— SE), = const (20.13) 
relates the time ¢ and the coordinate z of the plane in which the com- 
plex amplitude has a given fixed value, in particular including a 
value such that the magnitude of the complex amplitude, i.e. the con- 
ventional amplitude A (x, t); reaches a maximum. 

Taking into account that 1/(dk/dw), = (dw/dk)), we can write 
Eq. (20.13) in the form 

foun (3), t—const’ [ const’ = umay] (20.14) 

It follows from Eq. (20.14) that the place where the amplitude of 
a wave packet is maximum travels with the velocity (dw/dk),. 
We thus arrive at the following expression for the group velocity: 

do 
“= (20.15) 
(the subscript 0 is no longer needed and has been omitted). We pre- 
viously obtained a similar expression for a packet of two waves [see 
Eq. (20.8)]. 

We remind our reader that we have disregarded the terms of higher 
orders of smallness in expansion (20.10). In this approximation, the 
shape of the wave packet does not change with time. If we take into 
account the following terms of the expansion, then we get an expres- 
sion for the amplitude from which it follows that the width of a packet 
grows with time—a wave packet broadens. 

We can give a different form to the expression for the group veloc- 
ity. Substituting vk for @ [see Eq. (20.3)], we can write Eq. (20.14) 
as follows: 


y= 2) vki (20.16) 
We shall further write 
dv _ dv dÀ 
ak dh dk 


We find from the relation 4 =2n/k that dA/dk = —2n/k? = 
= —\/k. Accordingly, dv/dk = —(dv/dd)(i/k). Using this value in 
Eq. (20.16), we get 

u=v—1 2 (20.17) 


A glance at this formula shows that the group velocity ù can be 
either smaller or greater than the phase velocity v. depending on the 
sign of dv/dd. In the absence of dispersion, dv/dA = 0, and the group 
velocity coincides with the phase one. 
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The maximum of the intensity falls to the centre of a wave packet. 
Therefore, when the concept of group velocity has a meaning, the 
velocity of energy transfer by a wave equals the group velocity. 


With considerable attenuation of the waves, the concept of group 
velocity loses its meaning. This occurs in the region of anomalous 
dispersion. In this region, the absorption is very great, and the concept 
of group velocity cannot be applied. 


20.3. Elementary Theory of Dispersion 


The dispersion of light can be explained on the basis of the electro- 
magnetic theory and the electron theory of a substance. For this pur- 


attenuation can be taken into account by introducing the “force of 
friction of emission” proportional to the velocity. 

When an electromagnetic wave passes through a substance, every 
electron experiences the action of the Lorentz force 


= —eE — e [vB] = —eE — ep, [vH] (20.18) 


[see Eq. (6.35); the charge of an electron is —e]. According to Eq. 
(15.23), the ratio of the magnetic and electric field Strengths in a 
wave is H/E =V e,/uy. Hence, from Eq. (20.18), we get the fol- 
lowing value for the ratio of the magnetic and electric forces exerted 
on an electron 


bovH pre ety 
E “UW eh i 


Even if the amplitude a of electron oscillations reached a value of 
the order of 1 A (10-29 m), i.e. of the order of an atom’s dimensions, 
the amplitude of the velocity of an electron aw would be about 10-1? x 
x 3 x 10% —3 x 10 m/s [according to Eq. (16.6), œ = 2nv 
equals about 3 x 10! rad/s]: Thus, the ratio v/c is clearly less 
than 10- so that we may disregard the second addend in Eq. (20.48). 
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We can thus consider that when an electromagnetic wave passes 

through a substance, every electron experiences the force 
F = —eE, cos (wt + a) 

(œ is a quantity determined by the coordinates of a given electron, 
and Æ, is the amplitude of the electric field strength of the wave). 

To simplify our calculations, we shall first disregard the attenua- 
tion due to emission. We shall subsequently take the attenuation 
into account by introducing the relevant corrections into the formu- 
las obtained. The equation of motion of an electron in this case has 
the form 


r+ or = —= Ecos (wt +a) 


[see Eq. (7.13) of Vol. I, p. 189]; œ is the natural frequency of oscil- 
lations of an electron]. Let us add —i (e/m) Ey sin (wt + a) to the 
right-hand side of this equation and thus pass over to the complex 
functions # and F: 
hp off = —£ Byexp (iot) (20.19) 

Here Ê, = E, exp (ia) is the complex amplitude of the electric 
field of a wave. WA 

We shall seek a solution of the equation in the form r =r, exp (iot), 
where 7) is the complex amplitude of oscillations of an elec- 
tron. Accordingly, d*r/dt? = —o*r, exp (iwt). Introducing these 
expressions into Eq. (20.19) and cancelling out the common factor 
exp (iwt), we arrive at the expression 


— 0%+ oro= -4 Ê, 
whence 
= __=(elm) By 
o= pjo 
Multiplying the equation obtained by exp (iot), we obtain 
+ — (elm) Ê (t 
L 
Finally, taking the real parts of the complex functions 7 and E, 
we find r as a function of t: 
r()= =o (20.20) 


To simplify the problem, we shall consider that the molecules are 
non-polar. In addition, since the masses of nuclei are great in compa- 
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rison with the mass of an electron, we shall ignore the displacements 
of the nuclei from the equilibrium positions under the action of the 
wave field. In this approximation, the dipole electric moment of a 
molecule can be represented in the form 


P(t)= x gRo, + x Cn lro, + ra (t))= 
= A uRo, 1+ 2 ekto, r) + x errr (t) = 
=Po+ py nt p (t) = py ent (t) 


where q; and Ry, = charges and position vectors of the equilibrium 
positions of the nuclei 
er and ro, = charge and position vector of the equilibrium 
position of the k-th electron 
r,(t) = displacement of the k-th electron from its equi- 
librium position under the action of the wave 
field 
Po = dipole moment of a molecule in the absence of 
a field, which is assumed to equal zero. 
All the r,(t)’s are collinear with E(t). We therefore obtain the 
a VE expression for the projection of p(t) onto the direction 
of E(t): 


p(t)= x errr (t) = x (=e) rp (t) 


(we have taken into account that er for all electrons is identical and 
equals —e). Let us introduce into this equation the value of r (t) 
from Eq. (20.20), taking into consideration that the electrons in 
a molecule have different natural frequencies wy. As a result, we 
get 


2 
ra= sear E(t) (20.24) 
h 
Let us denote the number of molecules in unit volume by the sym- 
bol N. The product NV. P(t) gives the polarization P(t) of a substance. 
According to Eqs. (2.20) and (2.5), the permittivity is 
= E AOA E MRE 1O 
O Ae ee 
Using in this expression the Tatio p(t)/E(t) obtained from Eq. 
(20.21) and substituting n? for e [see Eq. (46.3)], we arrive at the 
formula 


N al 
n=14 2 z q (20.22) 
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At frequencies appreciably differing from all the natural fre- 
quencies @»,,, the sum in Eq. (20.22) will be small in comparison 
with unity, so that n? ~ 4. Near each of the natural frequencies, 
function (20.22) is interrupted: when œ tends to @o,, from the left, 
it becomes equal to +00, and when it tends to ©p,} from the right, 
the function becomes equal to —oo (see the dash curves in Fig. 
20.5). Such a behaviour of function at is due to the fact that we 
have disregarded the friction of emission [we remind our reader that 


Fig. 20.6 


when friction is disregarded, the amplitude of the forced oscilla- 
tions in resonance becomes equal to infinity; see Eq. (7.128) of 
Vol. I, p. 249]. When the friction of emission is taken into consid- 
eration, we get the dependence of n? on @ depicted in Fig. 20.5 by 
the solid curve. 

Passing over from n? to n and from o to Ao, we get the curve shown 
in Fig. 20.6 (the, figure gives only a portion of the curve in the region 
of one of the resonance wavelengths). The dash curve in this figure 
shows how the coefficient of absorption of light by a substance changes 
(see the following section). Segment 3-4 is similar to the curve 
shown in Fig. 20.1. Segments 7-2 and 3-4 correspond to normal dis- 
persion (dn/dħy <0). On segment 2-3, the dispersion is anomalous 
(dn/dAy >0).'In region 1-2, the refractive index is less than unity, 
hence, the phase velocity of the wave exceeds c. This circumstance 
does not contradict the theory of relativity, which is based on the 
statement that the velocity of transmitting a signal cannot exceed c. 
In the preceding seetion, we found that it is impossible to transmit 
a signal with the aid of an ideally monochromatic wave. Energy 
(i.e. a signal) is transmitted with the aid of a not completely mono- 
chromatic wave (wave packet), however, with a velocity equal to 
the group velocity determined by Eq. (20.17). In the region of nor- 
mal dispersion, dv/dà >0 (dn and dv have different signs, while 
dn/d). < 0), so that although v >c, the group velocity is less than 
c. In the region of anomalous dispersion, the concept of group veloc- 
ity loses its meaning (the absorption is very great). Therefore, the 
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value of u calculated by Eq. (20.47) will not characterize the rate of 
energy transmission. The relevant calculations give a value less 
than c for the velocity of energy transmission in this case too. 


20.4. Absorption of Light 


(see the dash absorption curve in Fig. 20.6). 
Experiments show that the intensity of light when it passes through 
a substance diminishes according to the exponential law 


I= he- (20.23) 


Here J, = intensity of light at the entrance to the absorbing layer 
(on its boundary or at a certain place inside the sub- 
stance) 

l = thickness of the layer 
x = constant depending on the properties of the absorbing 
substance and called the absorption. coefficient. 
Equation (20.23) is known as Bouguer’s Jaw [in honour of the French 
scientist: Pierre Bouguer (1698-4758)]. 
Differentiation of Eq. (20.23) yields 


al = — she di yiil (20.24) 


It follows from this expression that the decrement of the intensity 
along the path di is Proportional to the length of this path and 
to the value of the intensity itself. The absorption coefficient is the 
constant of proportionality. 

enon of Eq. (20.23) shows that when J = 1/x, the intensity 
I is 1/e-th of Ip. Thus, the absorption coefficient is a quantity inver- 


displays sharp maxima (Fig. 20.7) only for very narrow spectral 
regions (having a width of several hundredths of an angstrém). These 
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maxima correspond to the resonance frequencies of oscillations of the 
electrons inside the atoms. For polyatomic molecules, frequencies 
corresponding to the oscillations of the atoms inside the molecules 
are also detected. Since the masses of atoms are tens of thousands of 
times greater than the mass of an electron, the molecular frequencies 
are much smaller than the atomic ones—they are in the infrared re- 
gion of the spectrum. 

Gases at high pressures, and also liquids and solids produce broad 
absorption bands (Fig. 20.8). As the pressure of gases is increased, the 


x æ 


Fig. 20.7 Fig. 20.8 


absorption maxima, which are initially very narrow (see Fig. 20.7), 
expand more and more, and at high pressures the absorption spec- 
trum of gases approaches those of liquids. This fact indicates that 
the expansion of the absorption bands is the result of the atoms in- 
teracting with one another. 

Metals are virtually opaque for light (x for them has a value of the 
order of 40° reciprocal metres; for comparison we shall point out 
that for glass x ~ 1 m=). This is due to the presence of free electrons 
in metals. The action of the electric field of a light wave causes the 
free electrons to come into motion—fast-varying currents attended 
by the liberation of Lenz-Joule heat are produced in the metal. As 
a result, the energy of the light wave rapidly diminishes and trans- 
forms into the internal energy of the metal. 


20.5. Scattering of Light 


From the classical viewpoint, the process of scattering of light con- 
sists in that light passing through a substance causes the electrons 
in the atoms to oscillate. The oscillating electrons produce secondary 
wavelets that propagate in all directions. This phenomenon should 
seem to result in the scattering of light in all conditions. The secon- 
dary wavelets, however, are coherent, so that their mutual inter- 
ference must be taken into consideration. 

The relevant calculations show that in a homogeneous medium the 
secondary wavelets completely destroy one another in all directions 
except for that of propagation of the primary wave. Therefore, no 
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redistribution of the light by directions, i.e. Scattering of the light, 
occurs. 

The secondary wavelets do not destroy one another in side direc- 
tions only when light propagates in a non-homogeneous medium. 
The light waves become diffracted on the non-homogeneities of the 


(3) suspensions formed by solid par- 
ticles in the bulk of a liquid, 
(4) emulsions, i.e. Suspensions of very 


beam 


Oscillations 


of vector E liquid (an example of an emulsion is 

‘ milk, which is a suspension of droplets 
region a of fat in water), and (5) solids such as 
mother-of-pearl, opals, and milk glass, 

Fig. 20.9 Light scattered on particles whose 


when only absorption occurs, Consequently, for a turbid substance, 
Eq. (20.23) must contain the coefficient x’ due to Scattering in ad- 
dition to the absorption coefficient x: 

T= Iye-+x' (20.25) 
The constant x’ is called the extinction coefficient. 

If the dimensions of the non-homogeneities are small in compari- 
son with the length of a light wave (not over ~ 0.44), then the 
intensity of the scattered light T is Proportional to the fourth power 
of the frequency or is inversely proportional to the fourth power of 
the wavelength: 

Ixota ze (20.26) 
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This relation is known as Rayleigh’s law after the British physicist 
John Rayleigh (1842-1949). It is easy to understand its origin if we 
take into account that the radiant power of an oscillating charge is 
proportional to the fourth power of the frequency and, consequently, 
is inversely proportional to the fourth power of the wavelength [see 
expression (15.46)]. 

If the dimensions of the non-homogeneities are comparable with 
the length of a wave, then the electrons at different spots on the non- 
homogeneities oscillate with an appreciable phase shift. This cir- 
cumstance makes the phenomenon more complicated and leads to 


I=0 


Prr 4 
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Fig. 20.10 


other regularities—the intensity of the scattered light becomes pro- 
portional to only the square of the frequency (inversely proportional 
to the square of the wavelength). 

It is simple to observe the manifestation of law (20.26) by passing 
a beam of white light through a vessel with a turbid liquid (Fig. 
20.10). Owing to scattering, the trace of the beam in the liquid is 
seen very well from a side. Since short light waves are scattered to 
a much greater extent than the long ones, the trace seems to be bluish. 
The beam passing through the liquid is enriched with long-wave 
radiation and forms a reddish-yellow spot on screen Sc instead of 
a white one. If we put polarizer P at the entrance of the beam to the 
vessel, we shall find that the intensity of the scattered light in differ- 
ent. directions perpendicular to the initial beam is not the same. 
The directivity of dipole emission (see Fig. 15.7) results in the fact 
that in the directions coinciding with the plane of oscillations of 
the primary beam, the intensity of the scattered light virtually 
equals zero, while in the directions perpendicular to the plane of the 
oscillations, the intensity of the scattered light is maximum. By 
turning the polarizer around the direction of the primary beam, we 
shall observe alternate amplification and attenuation of the light 
scattered in the given direction. 

Even liquids and gases carefully purified of foreign admixtures 
and impurities scatter light to some extent. The Soviet physicist 
Leonid Mandelshtam (1879-1944) and the Polish physicist Marian 
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they are enriched with waves of greater lengths. This is why the 
sky at sunrise and Sunset has red tints, 
There are especially favourable Conditions for the appearance of 


a glass ampule with the substance seems to be absolutely black when 
looked through. This phenomenon is known as critical opalescence. 


phenomenon was named the Vavilov-Cerenkoy effect. Its complete 
theoretical explanation was given in 1937 by the Soviet physicists 


According to the electromagnetic theory, a charge moving uniform- 
ly emits no electromagnetic waves (see Sec, 15.6). As Tamm and 
Frank showed, however, this holds only if the velocity v of a charged 
particle does not exceed the phase velocity c/n of electromagnetic 
waves in the medium in which the particle is moving. A particle 
emits electromagnetic waves even when travelling uniformly pro- 
vided that v > c/n. The particle actually loses energy on radiation 
owing to which it travels wit a negative acceleration. This accele- 
ration is not the cause (as when v < c/n), buta consequence of radia- 


* In 1958, Cerenkov, Tamm, and Frank were awarded a Nobel prize for 
their work. 
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tion. If the loss of energy at the expense of radiation were replen- 
ished in some way or other, a particle travelling uniformly with the 
velocity v >c/n would nevertheless be a source of radiation. 
The Vavilov-Cerenkov effect was observed experimentally for elec- 
trons, protons, and mesons travelling in liquid and solid media. 
Vavilov-Cerenkov radiation has a light blue colour because short 
waves predominate in it. The most characteristic feature of this ra- 
diation is the fact that it is emitted not in all directions, but only 


Fig. 20.14 


along the generatrices of a cone whose axis coincides with the direc- 
tion of velocity of the relevant particle (Fig. 20.11). The angle 
@ between the directions of propagation of the radiation and the ve- 
locity vector of a particle is determined by the equation 
a A LE (20.27) 
v nv 
The Vavilov-Cerenkov effect finds widespread application in ex- 
perimental equipment. In the so-called Cerenkov counters, a light 
pulse produced by a fast charged particle is transformed with the aid 
of a photomultiplier* into a current pulse. To make such a counter 
function, the energy of a particle must exceed the threshold value 
determined by the condition v = c/n. Therefore, Cerenkov counters 
make it possible not only to register particles, but also to assess their 
energy. It is even possible to determine the angle 6 between the di- 
rection of a flash and the velocity of the particle. This allows us 
to use Eq. (20.27) to calculate the velocity (and, consequently, also 
the energy) of a particle. 


* By a photomultiplier is meant an electronic multiplier whose first ele- 
ctrode (a photocathode) is capable of emitting electrons under the action of light. 
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21.1. The Speed of Light 


Directi 4 S š 
A Pandan determined on the basis of astronomical observa- 


| Chjective: ities ae He obtained a value of 245 000 km/s, 
d 


astronomer James Bradley (1693-1762) to deter- 
mine the speed of light. 


vi entire year (Fig, 21 1). Let us point the axis 
of the telescope directly at the star During 
Fig. 24.4 the time +t needed for the light to cover the 


telescope must be turned in the direction of the vector y through the 
angle whose tangent is determined by the relation 


tan a=2 (21.1) 
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(see Fig. 24.4), In exactly the same way, raindrops falling vertically 
will fly through a long tube placed on a moving cart only if the axis 
of the tube is inclined in the direction of motion of the cart. 

Thus, the visible position of a star is displaced relative to the true 
one through the angle a. The Earth’s velocity vector constantly turns 
in the plane of the orbit. Therefore, the telescope axis also turns, de- 
scribing a cone about the true direction toward the star. Accordingly, 
the visible position of the star on the celestial sphere describes a cir- 
cle whose angular diameter is 2a. If the direction toward the star 


Fig. 24.2 


makes an angle other than a right one with the plane of the Earth’s 
orbit, the visible position of the star describes an ellipse whose ma- 
jor axis has the angular dimension 2a. For a star in the plane of the 
orbit, the ellipse degenerates into a straight line. 

Bradley found from astronomical observations that 20 = 40.9’. 
The corresponding value of c obtained by Eq. (21.1) is 303 000 km/s. 

In terrestrial conditions, the speed of light was first measured by 
the French scientist Armand Fizeau (1819-1896) in 1849. The layout 
of his experiment is shown in Fig. 21.2. Light from source S fell on 
a half-silvered mirror. The light reflected from the mirror got onto 
the edge of a rapidly rotating toothed disk. Every time a space be- 
tween the teeth was opposite the light beam, a light pulse was pro- 
duced that reached mirror M and was reflected back. If at the mo- 
ment when the light returned to the disk a space was opposite the 
beam, the reflected pulse passed partly through the half-silvered 
mirror and reached the observer’s eye. If a tooth of the disk was in 
the path of the reflected pulse, the observer saw no light. 

During the time t= 2l/c needed for the light to cover the distance 
to mirror M and back, the disk managed to turn through the angle 
Ap = ot = 2lo/c, where œ is the angular velocity of the disk. 
‘Assume that the number of disk teeth is NV. Therefore, the angle 
between the centres of adjacent teeth is a = 2n/N. The light did 
not return to the observer's eye at such disk velocities at which the 
disk in the time t managed to turn through the angles a/2, 3a/2, 
as, (m — 1/2)a, etc. Hence, the condition for the m-th blackout has 


the form 


son(mat)e o Mme (m4) 3 
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According to this formula, knowing l; N, and the angular velocity 
Om at which the m-th blackout is obtained, we can find c. In Fize- 
au’s experiment, 1 was about 8.6 km. The value of 313 000 km/s 
was obtained for c. 

In 1928, Kerr cells (see Sec. 19.7) were used to measure the speed of 
light. They made it possible to interrupt a light beam with a much 
higher frequency (about. 107 s~) than when a rotating toothed disk 
was used. This made measurements of ¢ possible with Z of the order of 
several metres. 

Albert Michelson performed several measurements of the speed of 
light using the method of a rotating prism. In Michelson’s experiment 


the air was evacuated, 
At present, the speed of light in a vacuum is taken equal to 


c = 299 792.5 + 0.1 km/s (21.2) 


We must note that in all the experiments in which light was in- 
terrupted, the group velocity of the light waves was determined, 
and not the phase velocity. In air, these two velocities virtually coin- 
cide. 


24.2. Fizeau’s Experiment 


pagating affects the proceeding of acoustic phenomena (the Doppler 
effect), and, Consequently, can be detected. 


meant a special medium filling, like its elastic ether predecessor, the 
entire space of the universe and penetrating all bodies. Since ether 
was a certain medium, it would be Possible to count on detecting the 
motion of bodies, for example light sources or receivers, with respect 
to this medium. In particular, the existence of an “ether wind” blow- 
ing around the Earth in its motion about the Sun ought to be ex- 
ected. 
Galileo’s principle of relativity was established in mechanics. 
According to it, all inertial reference frames are equivalent in a 
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mechanical respect. The detection of ether would make it possible to 
separate (with the aid of optical phenomena) a special (related to 
ether) predominant, absolute reference frame. Therefore, motion 
> the other frames could be considered relative to this absolute 
Tame. 

Thus, the establishment of how universal ether interacts with mov- 
ing bodies, was a matter of principle. Three possibilities could be 
assumed: (1) ether is absolutely not disturbed by moving bodies, 
(2) ether is partly carried along by moving bodies, acquiring a ve- 
locity of av, where v is the velocity of a body relative to the absolute 


Fig. 21.3 


reference frame, and œ is a drag coefficient less than unity, and (3) 
ether is completely carried along by moving bodies, for example 
by the Earth, in the same way as a body in its motion carries along 
the layers of gas adjoining its surface. The last possibility, however, 
is disproved by the existence of the phenomenon of light aberration. 
We established in the preceding section that the change in the visible 
position of stars can be explained by the motion of the telescope re- 
lative to the reference frame (medium) in which the light wave is 
propagating. 

To find out whether ether is carried along by moving bodies, 
Fizeau conducted the following experiment in 1851. A parallel beam 
of light from source S was split by half-silvered plate Pinto two beams 
1 and 2 (Fig. 24.3). As a result of reflection from mirrors M,, M, 
and M;, the beams, after completing the same total path L, again 
reached plate P. Beam 7 partly passed through P, while beam 2 
was partly reflected. As a result, two coherent beams J’ and 2’ were 
set up. They produced an interference pattern in the form of fringes 
in the focal plane of a telescope. Two tubes along which water could 
be passed with the velocity u in the directions indicated by the arrows 
were installed in the paths of beams Z and 2. Ray 2 propagated in 
both tubes opposite to the flow of the water, and ray Z with the flow. 
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When the water was stationary, beams J and 2 covered the path 
L in the same time. If water in its motion even partly carries along 
ether, then when the flow of the water was switched on, ray 2, which 
propagates opposite to the flow, would spend more time to cover the 
path L than ray 7 travelling in the direction of flow. As a result, a 
certain path difference will appear between the rays; and the inter- 
ference pattern will be displaced. 

The path difference we are interested in appears only in the path 
of the rays in the water. This path has the length 2/. Let the velocity 
of light in the water relative to the ether bev. When ether is not car- 
ried along by the water, the speed of light relative to the arrangement 
will coincide with v. Let us assume that the water in its motion part- 
ly carries along the ether, imparting to it the velocity au relative to 
the arrangement (u is the velocity of the water, and a is the drag 
coefficient). Hence, the velocity of light relative to the arrangement 
will be v + au for ray Z and v — au for ray 2. Ray J covers the path 
21 during the time t, = 2i/(v + au), and ray 2 during the time t, = 
= 2i/(v — au). It can be seen from Eq.) (46.54) that the optical 
length of a path to cover which the time t is required equals ct. 
Hence, the path difference of rays J and 2 is A= c (t, — t,). Divid- 
ing A by Ao, we get the number of fringes by which the interference 
pattern will be displaced when the flow of water is switched on: 


KA U Tame — ve 2l 21 4clau 
ara i i =i (ase =a 


Fizeau discovered that the interference fringes are indeed dis- 
placed. The value of the drag coefficient corresponding to this dis- 
placement was 

1 
G=ai— an (21.3) 
where n is the refractive index of water. Thus, Fizeau’s experiment 
showed that ether (if it exists) is carried along by moving water only 
partly. 

It is easy to see that the result of Fizeau’s experiment is explained 
by the relativistic law of velocity addition. According to the first 
of equations (8.27) in Vol. I, p. 237, the velocities vx and vx of a body 
in frames K and X’ are related by the expression 


V+ 
Me pos (24.4) 
(vo is the velocity of the frame K’ relative to the framé K). 

Let us relate the reference frame K to Fizeau’s instrument, and 
the frame K” to the moving water. Now, the part of v, will be’ played 
by the velocity of the water u, that of v by the velocity of the 
light relative to the water equal to c/n, and, finally, the part of vy 
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will be played by the velocity of the light relative to the instrument 
Vinst: Introduction of these values into Eq. (21.4) yields 


Ce cln+u _ chn+u 
inst = Eu (c/n) AF ulm 


The velocity of the water u is much smaller than c. The expression 
obtained can therefore be simplified as follows: 


cln-+t (£+u) (1-4) ttu (1-4) (24.5) 


Vinst = T-Pulen 
(we have disregarded the term u?/en). 

According to classical notions, the velocity of light relative to the 
instrument Vinet equals the sum of the velocity of light relative to 
ether, i.e. c/n, and of the velocity of ether relative to the instrument, 
i.e. au: 


R 


c 
Vinst = Sr au 


A comparison with Eq. (21.5) gives the value obtained by Fizeau 
for the drag coefficient « [see Eq. (24.3)]. 

It must be borne in mind that only the velocity of light in a va- 
cuum is the same in all reference frames. Its velocity in a substance 
differs in different reference frames. It has the value c/n in the frame 
associated with the medium in which the light is propagating. 


21.3. Michelson’s Experiment 


In 1881, Michelson carried out his famous experiment by means of 
which he counted on detecting the motion of the Earth relative to 
ether (the ether wind). In 1887, he repeated his experiment together 
with Morley on an improved instrument. The arrangement used by 
Michelson and Morley is shown in Fig. 24.4. A brick foundation sup- 
ported an annular iron trough with mercury. A wooden float having 
the shape of the bottom half of a longitudinally cut doughnut float- 
ed] on the mercury. The float carried a massive square stone slab. 
This design made it possible to smoothly turn the slab about the 
vertical axis of the arrangement. A Michelson interferometer (see 
Fig. 17.16) was installed on the slab. The interferometer was modi- 
fied so that both rays before returning to the half-silvered plate cover 
a distance coinciding with the diagonal of the slab several times. 
A diagram of the path of the rays is shown in Fig. 21.5. The symbols 
in this figure correspond to those used in Fig. 17.16. 

The experiment was based on the following reasoning. Let us as- 
sume that interferometer arm PM, (Fig. 21.6) coincides with the di- 
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Fig. 24.4 


Telescope 


Movable mirror 


Fig. 24.5 
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rection of motion of the Earth relative to ether. Consequently, the 
time needed for ray Z to cover the path to mirror M, and back will 
differ from the time needed for ray 2 to cover path PMP. As a re- 
sult, even when the lengths of both arms are equal, rays Z and 2 
will acquire a certain path difference. If we turn the arrangement 
through 90 degrees, the arms will exchange places, and the path 
difference will change its sign. This should result in displacement of 
the interference pattern whose magnitude, as shown by calculations 
performed by Michelson, could be detected quite readily. 

To calculate the expected displacement of the interference pattern, 
let us find the time spent by rays J and 2 to cover the relevant paths. 


Fig. 24.6 Fig. 24.7 


Assume that the Earth’s velocity relative to the ether is v. If the 
ether is not carried along by the Earth and the velocity of light re- 
lative to the ether is c (the refractive index of air is practically equal 
to unity), then the velocity of light relative to the instrument will 
be c —v for direction PM, and c + v for direction M,P. Hence, 
the time needed for ray 2 is determined by the expression 


l l 2le 2l 1 2l v? 
ates ee aa A 
(the Earth’s velocity along its orbit is 30 km/s, therefore v*/c? = 
=,107° < 1). 

Before commencing to calculate the time t, let us consider the fol- 
lowing example from mechanics. Suppose that a launch developing 
the velocity c relative to water has to cross a river with a current 
velocity of v in a direction strictly perpendicular to its banks (Fig. 
21.7). For the launch to travel in the required direction, its velocity 
crelative to the water must be directed as shown in the figure. There- 
fore, the velocity of the launch relative to the banks will be | ¢ + 
+ vl= Vc — v”. The velocity of ray Z relative to the arrangement 
(as assumed by Michelson) will be the same. Consequently, the time 
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taken by ray 7 is* 
4 21 21 fe OYGC 
1 VEA e Vire © 
Substituting for t, and z, in the expression A =c (t, — t,) their 


values from expressions (21.6) and (21.7), we get the path difference 
for rays J and 2: 


a=a[(1+4)- (1455) J-14 


When the arrangement is turned through 90 degrees, the path differ- 
ence changes its sign. Consequently, the number of fringes by which 
the interference pattern will be displaced is 


(1445) een 


2A l v 
AN =e = 2S (24.8) 


The arm length / (taking into account multifold reflections) was 
11 m. The wavelength of the light used by Michelson and Morley 
was 0.59 pm. The use of these values in Eq. (24.8) gives 


2x 41 we 
AN = Texto X 10° = 0.37 ~ 0.4 fringe 

The arrangement made it possible to detect a displacement of the 
order of 0.04 fringe. But no displacement of the interference pattern 
was detected. The experiment was repeated during different times of 
the day to exclude the possibility of the horizon plane being perpen- 
dicular to the vector of the Earth’s orbital velocity at the moment of 
measurements. Subsequently, the experiment was repeated many 
times during different seasons of the year (during a year, the vector 
of the Earth’s orbital velocity turns in space through 360 degrees), 
and negative results were constantly obtained. The attempt to detect 
an ether wind was not successful. Universal ether remained elusive. 

Several attempts were made to explain the negative result of Mi- 
chelson’s experiment without refuting the hypothesis of the existence 
of universal ether. But all these attempts were groundless. An ex- 
haustive non-contradictory explanation of all the experimental facts 
including the results of Michelson’s experiment was given by Albert 
Einstein in 1905. He arrived at the conclusion that universal ether, 
i.e. a special medium that could serve as an absolute reference frame, 
does not exist. Accordingly, Einstein extended the mechanical prin- 
ciple of relativity to all physical phenomena without any exception. 
He further postulated in accordance with experimental data that 
the speed of light in a vacuum is the same in all inertial reference 


* We have used the formulas V1 — zœ 4— 2/2 and 4/(4 — 1) % 1+ 
+ z holding for small values of z. 
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frames and does not depend on the motion of the light sources and 
receivers. 

The principle of relativity and the principle of the constancy of the 
speed of light form the foundation of the special theory of relativity 
developed by Einstein (see Chapter 8 of Vol.: I). 


24.4. The Doppler Effect 
In acoustics, the change in frequency due to the Doppler effect 


is determined by the velocities of the source and the receiver rela- 
tive to the medium that is the carrier of the sound waves [see Eq. 


Source Receiver = T 2" 
Fig. 24.8 


(14.78)]. The Doppler effect also exists for light waves. But there is 
no special medium that would serve as the carrier of electromagnetic 
waves. Therefore, the Doppler displacement of the frequency of 
light waves is determined only by the relative velocity of the source 
and the receiver. 

Let us associate the origin of coordinates of the frame K with a 
light source and the origin of coordinates of the frame K’ with a re- 
ceiver (Fig. 24.8). We shall direct the axes z and z’, as usual, along 
the velocity vector v with which the frame K’ (i.e. the receiver) is 
moving relative to the frame X (i.e. the source). The equation of a 
plane light wave emitted by the source in the direction of the re- 
ceiver will have the following form in the frame K: 


E (2, t)=Acos [o (t-24) +e] (21:9) 


Here o is the frequency of a wave registered in the reference frame ‘as- 
sociated with the source, i.e. the frequency of oscillations of the 
source. We assume that the light wave is propagating in a vacuum; 
therefore the phase velocity is c. c 

According to the principle of relativity, the laws of nature have 
the same form in all inertial reference frames. Hence, in the frame 
K', the wave given by Eq. (21.9) will be described by the equation 


E(2’, t')=A' cos [o'(’-=)+2"] (24.10) 


31—7796 
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where’ @’ is the frequency registered in the reference frame K’, 
i.e. the frequency picked up by the receiver. We have provided all 
the quaniities except c, which is the same in all reference frames, 
with primes. 

We can obtain an equation ofa'wave in the frame K’ from an equa- 
tion in the frame K by passing over from z and £ to z’ and t’ with 
the aid of the Lorentz transformations. Introducing instead of z 
and ¢ in Eq. (21.9) their values in accordance with Eqs. (8.17) of 
Vol. I, p. 229, we get 

Ras t tlle 2 |’ +08’ 
Beit!) = Aco {o [AE + te +a} 


(the part of v, is played by v). The latter expression is easily trans- 
formed into the following one: 


E(x’, )=Acos{o as (v—=) +a} (24.44) 


Equation (21.41) describes the same wave in the frame K' as 
Eq. (21.40). Therefore, the following relation must be observed; 


py vle ou: i—v/e 
Lima aa V 
Let us change our notation: we shall denote the frequency of the 
Source by @, and the frequency w’ of the receiver by œ. The pre- 
Ceding equation will thus become 
= m (24.42) 
Passing over from the angular frequency to the ordinary one, we 
have 
Ivie 
v=v Ta (24.18) 
The velocity v of the receiver relative to the source in Eqs. (21.12) 
and (21.13) is an algebraic quantity. When the receiver moves away 
from the source, v >0, and by Eq. (21.12) œ < @,; when the re- 
ceiver approaches the source, v <0, so that w > @. 
When v <c, Eq. (21.12) can be written approximately as fol- 
lows: 
4— (1/2) (v/c) 


ay (aj iv iv 
© © 0 TEAR) (ole) ~ (1-3 RE 
Hence, limiting ourselves to terms of the order of vlc, we get 
V 
© = 09 (1—2) (24.44) 


Moving-Media Optics 483 


From this formula, we can find the relative change in the frequen- 
cy: ; 
Aoi vi (24.45) 


(Aw stands for @ — oo). 

We can show that a transverse Doppler effect exists for light waves 
in addition to the longitudinal effect we have considered. It consists 
in a reduction in the frequency picked up by the receiver observed 
when the vector of the relative velocity is directed at right angles 
to the straight line passing through the receiver and the source* 
(when, for example, the source travels along a circle at whose centre 
the receiver is). In this case, the frequency @ in the frame of the 
source is associated with the frequency œw in the frame of the receiver 
by the relation 


vt 1 
ota / ea A E Ra (24.16) 
The relative change in frequency in the transverse Doppler effect 
A 1 v 
=< =— sa (24.47) 


is proportional to the square of the ratio v/c and, consequently, is 
considerably smaller than in the longitudinal effect for which the 
Sees change in the frequency is proportional to the first power 
of vie. 

The existence of the transverse Doppler effect was proved experi- 
mentally by the American physicist Herbert Ives (1882-1953) in 
1938. He determined the change in the frequency of emission of hy- 
drogen atoms in canal rays (see the last paragraph of Sec. 12.6). 
The velocity of the atoms was about 2 X 10° m/s. These experiments 
were a direct experimental confirmation of the correctness of Lorentz 
transformations. 

In the general case, the vector of the relative velocity can be re- 
solved into two components of which one is directed along the ray, 
and the other at right angles to it. The first component gives rise to 
the longitudinal, and the second to the transverse Doppler effect. 

The longitudinal Doppler effect is used to determine the radial ve- 
locity of stars. By measuring the relative shift of the lines in the 
spectra of stars, we can use Eq. (21.12) to determine v. 

The thermal motion of the molecules of a luminous gas, owing 
to the Doppler effect, leads to broadening of the spectral lines. As 
a result of the chaotic nature of the thermal motion, all the directions 
of the molecules’ velocities relative to a spectrograph are equally 


* We remind our reader that the transverse Doppler effect does not exist for 
sound waves. 
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probable. Therefore, the radiation registered by the instrument 
contains all the frequencies in the interval from @ (1 — v/c) to 
@ (17+ v/c), where w is the frequency emitted by the molecules, 
and v is the velocity of thermal motion [see Eq. (21.14)]. The reg- 
istered width of a spectral line is thus 2ev/e. The quantity 


8p = 20)" (24.48) 


is called the Doppler width of a Spectral line (v stands for the most 
probable velocity of the molecules). The magnitude of the Doppler 
broadening of spectral lines makes it possible to assess the velocity 
of thermal motion of the molecules and, consequently, the tempera- 
ture of a luminous gas. 


A. 
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APPENDICES 


1. List of Symbols 


amplitude; gas amplification factor; work 

vector potential of magnetic field* 

amplitude 

acceleration; vector 

Kerr constant 

magnetic induction 

capacitance; circulation of vector; Curie constant 
electromagnetic constant; speed of light 

angular dispersion 

electric displacement 

papu of diffraction grating; separation distance of capacitor 
plates 


v divergence 


illuminance; Young’s modulus 

electric field strength 

strength of extraneous force field 
electromotive force (e.m.f.) 

base of natural logarithms; positive elementary charge 
unit vector 

Faraday constant 

force 

focal length 

shear modulus 

magnetic field strength 

Planck’s constant k divided by 2x 

current; luminous intensity; < sound intensity 
imaginary unity, i “uy —1 

current density; density of energy flux 
momentum 

constant of proportionality; wave number 
wave vector 

inductance; loudness level; luminance; optical path 
angular momentum 

length; mean free path 


* The magnitude of a vector is denoted by the same symbol as the vector 


itself, but in ordinary italic (sloping) type. 
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displacement 

luminous emittance; magnification; mass of mole 
magnetization; moment of force 

mass 

demagnetization factor; number 

Avogadro constant 

number; refractive index 

degree of polarization; optical power; power; probability; radiat- 
ed power 

force of gravity; polarization 

pressure 

dipole moment; electric moment 

amount of heat; quality of oscillator circuit 

charge 

molar gas constant; radius; resistance; resolving power 
Hall coefficient 

real number 

distance; radius 

position vector 

area 

Poynting vector 

absolute temperature; period 

torque 

time 

voltage 

mobility of ion 

velocity 

Verdet constant; visibility 

velocity 

energy 

energy density 

reactance 

coordinate 

coordinate 

atomic number of element; impedance 

coordinate; valence 

angle; drag coefficient; initial phase of oscillations; rotational 
constant 

angle; polarizability of molecule; relative velocity 
angle; attenuation coefficient s 

difference in optical path; increment; Laplacian operator 
density of metal; fraction of energy; phase. difference 
relative permittivity; strain 

electric constant 

angle; polar angle; polar coordinate 

thermal conductivity; wave absorption coefficient 
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extinction coefficient 

linear charge density; logarithmic decrement; wavelength 
permeability 

Bohr magneton 

magnetic constant 

frequency 

displacement of wave point 

ratio of circumference to diameter 

coherence radius; density; reflection coefficient; resistivity; 
volume density of charge 

conductivity; cross-sectional area; stress; surface charge den- 
sity 


retardation time; time; time constant of a circuit; transmission 
coefficient 

flux 

angle; azimuthal angle; potential 

electric susceptibility 

magnetic susceptibility 

flux linkage; total magnetic flux 

angle 

solid angle 


angular frequency 
angular velocity 
del (Hamiltonian) operator 


2. Units of Electrical and Magnetic 
Quantities in the International System (SI) 
and in the Gaussian System 


The electric constant 


F/m ~ F/m 


4 4 
£0 = Zn (2.997 925)" x 10° Zn x9 x 10° 


The magnetic constant 
io = 4n X 107? H/m 


The electromagnetic constant 


c= t= — 2.997 995 x 10° m/s% 3x 108 m/s 
V eto 


The relations between the units are given approximately. To 


obtain the exact values, substitute 2.997 925 for 3 and (2.997.925)? 
for 9 in the relations given in the last column. 


Unit and symbol 


Quantity and symbol Relation between units 


Gaussian system 


Force F 
Work A and ener- 
w 


newton (N) 
joule (J) 


dyne (dyn) 
erg (erg) 


Charge q coulomb (C) CgSeg 1 C=3x10° CRseg 
Electric field volt per metre cgseg 1 egseg=3x 104 V/m 
strength Æ (V/m 


Potential p, volt- 


volt (V) 
ope U, and e.m.f. 


CgSeg, cgsey, 
cgseg 


cgsep 


4 cgse OU, 6)=300 V 


coulomb-metre 
(C-m) 

coulomb 
Square metre 
(C/m*) 

SI, 


Eléctric moment 
of dipole p 


Polarization P 


1 C-m=3x101 cgsep 


cgsep 1 C/m*= 3 105 cgsep 


Electric suscepti- 
bility x 

Electric displace- 
ment D 


cgsey 1 cgse, = 47 Sl, 


coulomb per 
Square metre 
(C/m?) 

coulomb (C) 


cgsep 1 C/m?=4n x 3x 108 


cgsep 


Flux of electric 


cgse, 
displacement @ © 


1 C=4nx3x 100 
cgseg, 


1 F=9x 10" cm 


Capacitance C farad (F) centimetre 


(cm) 
Current 7 ampere (A) cgse; 1 A=3 x 10° cgse, 
Current density j ampere per square| cgse 1 A/m?= 3 105 


metre (A/m2) 
ohm (Q) 
ohm-metre (Q-m) 
siemens per me- 
tre (S/m) 
tesla (T) 


cgsej 
1 cgser=9x1011 Q 
1 cgsep=9x10 Q.m 
1 S/m=9x 109 CZS0g 


Resistance R 
Resistivity p 
Conductivity o 


cgser 
CgSep 
CgSeg 


Magnetic induc- 
tion B 

Flux of magnetic 
induction © and 
flux linkage Y 

Magnetic moment 
Pm 

Magnetization M 


gauss (Gs) 1 T=10 Gs 


weber (Wb) maxwell (Mx) | 4 Wb=108 Mx 


ampere-square 
metre (A-m?) 


ampere per metre 
(A/m) 


cgsmp n 1 A-m?= 103 cgsmp,, 


Cgsm yy 1 cgsmy= 108 A/m 


Magnetic field ampere per metre | oersted (Oe) | 1 A/m=4nx10-8 Oe 
strength H (A/m) 1 Oe=79.6 A/m 

Magnetic suscepti- cgsm. 1 cgsm, =4n SI 
bility mm oom etm = 


Inductance ZL and 1 H=10° cm 


mutual induc- 


tance Ly. 


A.3. Basic Formulas of Electricity 
and Magnetism in the SI 
and in the Gaussian System 


Item | sI Gaussian system 


Coulomb’s law 


Electric field strength (defini- 
tion) 


Field strength of point charge 


Field strength between charged 


planes and near surface of ba 
charged conductor hae Fics 
oe e 
f a Ww 
Potential (definition) =e 
A < 1 Ug 8, 
Potential of field of point charge Nome CSN a 
0 
Work of field forces on-charge A=4(?1—9a) 
EEE ES aaa ais 


Relation between E and p | E=—Vo 


2 
Relation between ọ and E | P1 — p= f Edl 
4 


Curl of vector E for electro- | 


static field 


Circulation of vector E for 
electrostatic field 


Electric moment of dipole 


electric field 


a A kE a 
Energy of dipole in electric 
feld : W= — pE 


EEE Eee eee 


Torque acting on dipole in | T=[pE] 


(continued) 


Item 


Gaussian system 
Dipole moment of “elastic” 
molecule 


Polarization (definition) 


Relation between P and E P= e,E P=yE 


Relation between P and volume 
density of bound charges 


Relation between P and surface 
density of bound charges 


Electric displacement (defini- 


tion) | D=e,E+P | D=E+4nP 


Se pat Ne ng 
Divergence of vector D | VD=p | VD = 4np 
Gauss’s theorem for D | $ DdS=)\q $ DdS=4n X) q 
Relation between permittivity 

e and electric susceptibili- 

ty x e=1+x e=1+4ny 
Relation between values of x 

in the SI and in the Gaussian 

system XSI =4NXGs 
Sai a a SE nA SENES SE ON O 
Relation between D and E | D=eeE | D=eE 
Relation between D and E in 

a vacuum D=e,E D=E 
D of point charge field | Beet L | Ded 


Capacitance of capacitor (defi- a 
nition) ca 
U 
ee a 
P $ S _ 2S 
Capacitance of plane capacitor C-— C= a 


(continued) 


Item | SI Gaussian system 


Energy of system of charges 


Continuity equation vj= Bua 
Voltage (definition) | U= — pa +b 
Ohm's law la 
R 
Ohm’s law in differential form int E=0E 
t 
Joule-Lenz law Q= f RI? dt 
0 


Joule-Lenz law in differential 
form w=pj? 


Force of interaction of two par- 


rs a reke Pilao ohi pr dedege 
Field of. freely moving charge p=f lve | Bat el 
Biot-Savart law B= $e Ha dB= T 1a =l 
ace a EES PS 
Lorentz force F=gE +q [vB] | F=gE+— [vB] 


a 


(continued) 
| 


Item SI Gaussian system 


Ampere’s law dF =] (dl, B} | =+ I{dl, B} 
n a O 


Magnetic moment of loop with 
current Pm=IS Pm=— IS 


a n a 


Angular momentum exerted on 
magnetic moment in a mag- 
netic field L=[PmB] 


“Mechanical” energy of magnet- 
ic moment in a magnetic 


field =—PmB 
et E 
Divergence of vector B VB=0 


Gauss’s theorem for B 


| 
| 


Magnetization (definition) M= ay 
Magnetic field strength (defini- 1 
tion) H=— B—M H=B—4nM 


Relation between M and H 


— Nie 


Relation between permeability 
and magnetic susceptibili- 
tY Xm B=1+%m p=1+40%m 


neak ioe 


Relation between values of %m 
in the SI and in the Gaus- 


sian system Xm, SI=4NXm, Gs 
Relation between B and H | B=pp,H | B=pH 
Relation between B and H in 

a vacuum B=p,H B=H 


Curl of vector H for a station- 
ary fie! 


(continued) 


Item | SI Gaussian system 


pia- Tin 


Circulation of vector H for 
a stationary field 


$ua= 7 


Magnetic field strength of 4 2 4 
straight current A Fay H=- F 
c 


Magnetig field strength at centre 
of ring current 


Field strength of solenoid 


Flux of magnetic - induction 
(definition) 


Work done on loop with cur- 
rent when it is moved in 


a magnetic field 


Flux linkage or total magnetic 
flux (definition) Y=) 0 
Induced e.m.f. g= -3% | = -4 = 


Inductance (definition) 


Inductance of solenoid 


E.m.f. of self-induction (in 
absence of ferromagnotics) 


Energy of magnetic field of cur- LI 4 Lp 
rent Mii rll 


Density of energy of magnetic 
field 


Energy of linked loops with 
current 


4 
w=5 > Linlily 


(concluded) 


a RY 


Item SI Gaussian system 


Density of displacement cur- 
rent 


Maxwell’s equations in differ- 
ential form [VE]= -42 [VE]= ai 0B, 
c Ot 
VB=0 VB=0 
aD 4 
(VH]=j-+—— (VH]=— 44 
4 aD 
virus 
vD=p VD = 4p 
Maxwells equations in int- 
egral form gua-- |e § Eas 
T r 
1 ( OB 
Saa ae 
$ B dS=0 $ BdS=0 
8 8 
Gua= {iat $ natt] jas+ 
r r 8 
oD 1 ôD 
+) yas ate J = 


Velocity of electromagnetic 
waves v= 


Relation between amplitudes 
of vectors E and H in an 


electromagnetic wave Em Væ Hm Viel Em Ve=Hm VE 


Poynting vector S=[EH] l s= [EH] 


Densit. of electromagnetic 
field T aiian k= [Eh] K= — [EH] 
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Accelerators, charged particle, 223ff 
Ampere (A), 100, 143 
Ampere-turns, 154 
Amplitude, 
air pressure oscillations, and loud- 
ness level, 
complex, 282, 322, 376, 379, 437 
harmonic oscillation velocity, 304 
plane damped wave, 290 
standing wave, 29lf 
undamped spherical wave, 290 


Angle, 
rewster’s, 436 

glancing, 423 

incidence, 325 

critical, 326 

reflection, 325 

refraction,, 325 
Angstrom (Å), 64 
Antiferromagnetics, 180f 
Antinodes, standing wave, 29lf 


re, 
with cold cathode, 255 
electric, 254 
thermionic, 254f 
Axis, optical, 338, 440 


Beam, homocentric, 337 
Bell (B), 296 
Betatron, 224ff 
Biprism, Fresnel's, 362f 


Candela (Cd), 334 
Capacitance, 88f 
capacitor, 89f 
cylindrical, 94 
parallel-plate, 90 
spherical, 94 
isolated sphere, 88 
Capacitors, 89ff 
Cathodoluminescence, 254 
Cell, Kerr, 452 
Centimetre (cm), 88, 190 


32—7796 


Chamber, ionization, 240f, 242 
integrals 244 
pe 242f 
rge(s), 
bound, 
properties, 70 
surface density, 66f 
volume density, 67ff 
density, 
linear, 55, 127ff 
on sharp points, 86 
surface, 55, 66f 
volume, 54, 67ff 
distribution on conductor, 87 
electric, 11f 
elementary, 11, 15 
value, 2418 
emanation from points, 86 
equilibrium on conductor, 84ff 
extraneous, 65 
free, 65 
induced, 86f 


magnetic interaction with currents, 
127 


ordered motion, average velocity, 
231f 


point, 12 
field strength, 18 
Pone energy in feld, 


test, 17, 18 
unit(s), 15, 100, 113 


absolute electrostatic (cgseq), 14f 


Circuit, 
oscillatory, 259f 
critical resistance, 266 
natural frequency, 262 
quality, 265f, 270 
time constant, 193, 243f 
Circulation, 43ff 
additivity, 45 
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Circulation, 
electrostatic field, 54f 


magnetic induction vector, 144ff 


Coefficient, 
absorption, 466f 
light, 465 
extinction, 468 

Hall, 235 


reflection, light wave, 328 
transmission, light wave, 328 


wave absorption, 290 
Coherence, 353ff 
Spatial, 358ff, 366f 
temporal, 353ff, 365f 
Collisions, 
elastic, 245f 
energy transfer, 246 
inelastic, 
first kind, 246f 
second kind, 246 
Colours, complementary, 450 
Conduction, in gases, 
self-sustained, 237 
semi-self-sustained, 237 
Conductivity, 105 
metal, 232, 236 
Conductor(s), 
electrical resistance, 104 
electrolytic, 248 
electronic, 248 
in external field, 86f 
first kind, 218 
second kind, 218 
Constant, 
Curie, 174, 176 
electric, 16, 115 
dimension, 90 
electromagnetic, 16, 114f 
Faraday's, 218 
Kerr, 452f 
magnetic, 113f, 115 
rotational, 453 
specific, 453 
time, circuit, 193, 243f 
Verdet, 454 
Coulomb (C), 15, 100, 113 
Counter(s), 240f 
Cerenkov, 471 
Geiger-Miiller, 244f 
non-self-quenching, 244 
proportional, 244 
self-quenching, 244f 
Criterion, Rayleigh’s, 417 
Crystal(s), 
birefringent, 440 
biaxial, 440 
uniaxial, 440, 442 


Crystal(s), 


ophival axis, 440 
plate 


half-wave, 445f 

quarter-wave, 445, 446f 
principal plane, 440 
principal section, 440 
structural analysis, 424f 


Curl, 46ff, 50 


electric field, 148 
electrostatic field, 52 
magnetic field in magnetic, 154 
magnetic induction vector, 147f 


Current(s), 98ff 


alternating, 271ff 
effective value, 274 
carriers, 
in gases, 237 
in metals, 228ff 
mobility, 236 
Production in gas discharges, 
245ff 


density, 148, 154ff, 203ff 
density vector, 99f, 106 
direction, 99 
displacement, 203ff 
lensity, 203ff 
eddy, 188f 
elimination, 189 
thermal action, 189 
heat liberated by, 112 
induced, 182f 
direction, 183 
interaction, 143ff 
line, magnetic field, 124 
in vacuum, 158 
lines, 206 
loop, 
force on, 137f 
magnetic dipole moment, 134 
magnetic field, 138ff 
in magnetic field, 133ff 
potential energy, 136f 
stable equilibrium, 136 
torque acting on, 133ff 
Ee Mieraskion with charges, 
4 


molecular, 153ff, 166f 
density, 154ff 
Power, 111 
quasistationary, 259 
resonance curves, 269 
Ting, magnetic field lines, 140 
saturation, 242 
Solenoid, linear density, 148 
steady, 110ff 
density yector, 104 
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Current(s), 

strength, see Current 

total, 203 

density, 203 

units, 100, 143ff 

work, in magnetic field, 140ff 
Curve(s), 

current resonance, 269 

magnetization, initial, 

voltage resonance, 269 
Cyclotron, 226f 


4177, 178 


Decibel (dB), 296 


Decrement, logarithmic, 264f 
Degree, polarization, 434 
Density, 

charge, 


linear, 55, 4127ff 

on sharp points, 86 
surface, 55, 66f 
volume, 54, 67ff 

current, 

displacement, 203if 
in ionized gas, 239f 
molecular, 154ff 
solenoid, 148 


total, 203 
vector, 99f, 106 
energy, 


elastic waves, 287 
electric field, 95f 
electromagnetic waves, 310 
magnetic field, 197f 
optical, 319 
Diagram, dipole directional, 316 
Diamagnetics, 166 
Diamagnetism, 174ff 
Dichroism, 444 
Dielectrics, 61 
electric susceptibility, 63f 
homogeneous, surface density of 
bound charges, 66f 
inhomogeneous, 
surface density of bound charges, 


67 
volume density of bound charges, 
67ff 
polarization, 96 
and field strength, 63f 
Difference, optical path, 350, 354 
Diffraction, 384ff 
from crystal lattice, 422f 
Fraunhofer, 384f, 409f, 425f 
from slit, 403ff 
Fresnel, 385, 449f 
from disk, 395f 
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Diffraction, Fresnel, 
from round aperture, 392ff 
from slit, 402f 
from edge of half-plane, 397ff 
grating, see Diffraction grating 
in parallel rays, 384 
in three-dimensional structure, 420f 
in two-dimensional structure, 420 
X-rays, from crystals, 424 
Diffraction grating, 411fi 
intensity minima, 412f 
period, 411 
principe intensity maxima, 412, 


reflecting, 418f 
resolving power, 417f 
three-dimensional, 420 
transmission, 418 
two-dimensional, 419f 

Dioptre (D), 343 

Dipole, electric, 28ff 
irectional diagram, 316 
elementary, 315 


emission, 314ff 
energy, potential, 3if 
field, 


equipotential surfaces, 31 
strength, 29ff 
moment, see Dipole moment 
potential, 29 
radiant power, 316f 
torque on, 31 
wave zone, 315 
Dipole moment, 
electric, 29, 314f 
molecule, 61, 464 
system of charges, 34f 
magnetic, 140 
current loop, 134 
Discharge, 
arc, 254f 
brush, 257 
corona, 256ff 
application, 258 
prevention, 257f 
gas, 237 
semi-self-sustained, 237ff 
glow, 251ff 
maintaining processes, 252f 
principal parts, 251f 
spark, 255f 
Dispersion, 
anomalous, 456 
light, 456 
substance, 456 b 
Displacement, electric, see Electric 
displacement 
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Divergence, 40ff, 50 
electric field, 148 
magnetic field, 144, 148 

Domains, 83, 179f 


Effect, 
Doppler, 
light waves, 303, 481ff 
longitudinal, 483 
sound waves, 302f 
transverse, 483 
Faraday, 454 
prantte etic, 234 
all, 234 
Kerr, 452f 
skin, 189 
Vaviloy-Cerenkov, 470f 
Electric displacement, 74f 
in dielectric, 76f 
in flat plate, 74 
in interface of dielectrics, 77ff 
unit, 74 
vector, 71f 
Electric field, 16ff 
charged spherical surface, 59f 
curl, 148 
in dielectrics, 64f, 73ff 
in different reference frames, 134f 
divergence, 148 


energy, 95ff 
density, 95f 
in flat dielectric plate, 73ff 


infinite charged cylinder, 58f 
infinite charged plane, 55ff 
intensity. see Electric field, strength 
lines, i9f 

tential, 22f 

n spherical dielectric layer, 75ff 
strength, 17f 

breakdown, 255 

near conductor surface, 85 

in dielectric, 76 

on ao between dielectrics, 


point charge, 18 
and potential, 25ff 
system of charges, 19, 33ff, 53f 
units, 18 
vector direction, 17 
two uniformly charged planes, 57f 
A a sphere, 60 
vortex, 200 
work on electron, 249f 
Electrolytes, 218 
Electromagnet, 164f 
Electron(s), 11 


Electron(s), 
acceleration in betatron, 317 
charge, 218 
collisions with molecules, 245ff 
energy in plasma, 250f 
forces ate electric and magnetic, 


free, in metals, 229f 
intrinsic angular momentum, 169 
magnetic moment, 169 
relativistic equation of motion in 
orbit, 225 
rest mass, 218 
specific charge, determination, 244ff 
spin, 169 
thermal motion, velocity, 230f 
Electron-volt (eV), 24 
Emission, 
dipole, 314ff 
electron, 248 
autoelectronic, 249: 
secondary, 248f 
thermionic, 248 
Emittance, luminous, 332f 
Energy, 
charged capacitor, 92ff 
charged conductor, 92 
density, 
elastic waves, 287 
electric field, 95f 
electromagnetic waves, 310 
magnetic field, 197f 
elastic waves, 286ff 
electric field, 95ff 
charged conducting sphere, 97 
electromagnetic waves, 310ff 
electron, in plasma, 250f 
flux, 287ff 
density, 288f 
ee A system of 
24 
magnetic field in solenoid, 197, 198 
potential, 
charge in field, 24, 22 
current loop, 136f 
electric dipole, 34f 
Equation(s), see also Formula(s) 
centered optical system, 344 
continuity, 104 
Cornu spiral, 399 
Maxwell's, 201, 204, 206ff 
in differential form, 206ff 
in integral form, 208 
wave, 278, 283f, 305, 459 
plane, 279, 280, 282, 284 
damped, 282 
light, 481f 


charges, 
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Equation(s), 
wave, 
plane, 
undamped, 282 
in vector form, 308 
spherical, 284 
standing, 291f 
Etalon, Fabry-Perot, 381 
Ether, universal, 474f 
attempts to detect, 476ff 
Experiment, 
arnett’s, 168 
Busch’s, 214ff 
Einstein's and de 
Fizeau’s, 473ff 
Hertz’s, 309 
Ives’s, 483 
Lebedev’s, 310 
Mandelshtam’s and Papaleksi’s, 229 
Michelson’s, 374, 474, 477ff 
Millikan’s, 216 
Oersted’s, 116 
Riecke’s, 228 
Stern’s and Gerlach’s, 170 
Thomson's, 244, 216, 219ff 
Tolman’s and Stewart's, 229 
von Laue’s, Friedrich’s and Knip- 
pi "3, 420f 
Young's, 364 


Haas’s, 167f 


Factor, 
demagnetization, 162 
gas amplification, 242 
power, 274 
Farad (F), 88 
Ferroelectrics, 82f 
hysteresis, 83 
permittivity, 82 
polarization, residual, 83 
Ferromagnetic(s), 166, 4778 
hard, 
magnetic reversal, 199 
magnetic susceptibility, 178 
magnetization and magnetic 
strength, 177f 
permeability, 178f 
soft, 179 
Ferromagnetism, 177ff 
Field, 
demagnetizing, 162 
electric, see Electric field 
electromagnetic, 134 
momentum, 34 
stationary, 202 K 
electrostatic, see also Electric field 
circulation, 43ff 
curl, 52 


field 


Field, 
interference, 350 
macroscopic, 65 
magnetic, see Magnetic field 
microscopic, 65 
solenoidal, 148, 158 
strength, extraneous force, 103 
true, 65 
vortex, 148 
Focus, see Point, focal 
Force(s), 
attraction, between capacitor 
plates, 93f 
on charge in dielectric, 81f 
on charged body in dielectric, 81f 
coercive, 83, 178 
on parent loop in magnetic field, 


density, 125 
electric, 124. 
electromotive (e.m.f.), 102f 
induced, 182, 
self-induced, 194 
extraneous, 102f, 106 
interaction, between two line cur- 
rents, 126 
Lorentz, 124 
magnetic, 122ff 
on electron, 186 
resultant, on charge in circuit, 103 
Formula(s), see also Equation(s) 
Bragg-Vulf, 423 
Fresnel, 436f, 439 
Laue’s, 422 
Newton's, 344 
rationalized writing, 16 
> Thomin ee 
'requency(ies), 
dampe. oscillations, 264 
fundamental, 294 
Larmor, 172 
natural, 294 


voltage, 269 
visible light, 319 
Fringes, 
equal inclination, 368f, 374 
equal thickness, 370f 
interference, 
spacing, 351f 
visibility, 375 
width, 351f, 362, 363 
Function, complex, 
differentiation, 322 
integration, 322 
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Gas(es), 
conduction, 237 
current carriers in, 237 
discharge, 237ff 
ionization, 237f 
ionized, current densit , 239f 
molecules, velocity of thermal mo- 
tion, 300 
Gauss (Gs), 118, 158 
Generator, van de Graaff, 223f 
Gradient, 36, 50 
Grating, diffraction, see Diffraction 
grating 
Group, wave, 457 


Harmonics, 294 

Heat liberated by current, 112 
Henry (H), 190 

Hologram, 428f 

Holography, 427i 


two-beam, 429 
Hysteresis, 83, 477f 
loop, 83 


Illuminance, 331 
Image, optical, 338 
erect, 340 
inverted, 340 
point, 338 
real, 338 
stagmatic, 338 
virtual, 338 
ice 271, 273 
Index, refractive, 
absolute, 318f 
extraordinary ray, 442 
ordinary ray, 442 
Inductance, 190 
mutual, 195 
solenoid, 190 
units, 190 
Induction, 
electric, 74, 72, 73 
electromagnetic, 182f 
magnetic, see Magnetic induction 
mutual, 194ff 
Infrasound, 294 
Instrument, spectral, 
dispersion, 416 
angular, 416 
linear, 416f 
resolving power, 416, 447 
Insulators, see Dielectrics 
Integral(s), 
Fourier, 355f 
Fresnel, 399 


Intensity, 
light, 349f 
Principal maxima, 377 
luminous, 330f 
magnetic field, see Magnetic field, 
strength 
sound, 295 
wave, 289, 290, 300f 
Interference, 
constructive, 350 
destructive, 350 
field, 350 
light reflected from thin plate, 
363ff 


multibeam, 376ff 
pattern, 350f, 368, 370, see also 
Fringes 
term, 354 
from thin films, 374f 
waves, 291, 348f, 384 
plane, 352f 
Interferometer, 
Fabry-Perot, 380f, 383 
Michelson, 373f 
stellar, 374 
Tonosphere, 249 
Tons, 
equilibrium concentration, 238, 239 
in gas, 237 
mobility in gases, 239 
recombination, 237f 
specific charge, determination, 219ff 


Junction, circuit, 108 


Law(s), 
Ampere’s, 126 
Biot-Savart, 121 
Bouguer’s, 466 
Brewster's, 436 
Coulomb’s, 13f, 16 

for charge in dielectric, 82 
Curie’s, 174, 176 
Curie-Weiss, 180 
current interaction, 113 
displacement line refraction, 84 
age charge conservation, 12, 
01 

electrolysis, 248 
electromagnetic induction, 207 
independence of light rays, 334 
Joule-Lenz, 112, 232 
light reflection, 326, 335 
light refraction, 326, 335f 
Malus’s, 435 


Subject Indez 503 


Law(5), 

Ohm's, 104ff, 232 
alternating circuit, 271 
closed circuit section, 108 
differential form, 105 
inhomogeneous circuit section, 


Paschen, 255 

Rayleigh’s, 469 

straight-line propagation, 334 
Wiedemann-Franz, 233 


Length, 
coherence, 355, 358 
spatial, 360 


focal, 
first, 342 
second, 342 
Lens, 344 


coating, 372f 
thickness, 344 
thin, 344 
Light, see also Wave(s), light 
aberration, 472 
absorption, 466f 
by gases, 467 
by metals, 467 
diffraction, see Diffraction 
dispersion, 349 
intensity, 349f, 354- 
natural, 321, 432, 434 
point source, 330 
polarized, 321, 432 
circularly, 321, 432f 
elliptically, 321, 433 
plane-, 321, 432f 
partly, 433f 
pressure, 314 
scattering, 467ff 
molecular, 470 
source, 
cosine, 333 
isotropic, 334 
Lambertian, 333 
point, 330 
speed, 472ff 
vector, 318 
visible, 
frequencies, 349 
wavelengths, 349 
Lightning, 255 
Lines, 
current, 206 
displacement, 72 
electric field, 19 É 
spectral, Doppler width, 484 
Location, ultrasonic 


Loop, 
current, see Current, loop 
hysteresis, 83, 178 
Loudness, sound, 295f 
Lumen (lm), 334 
Luminance, 332f 
Lux (Ix), 334 


Magnet, permanent, 178 
Magnetic, 
definition, 153 
magnetization, 153 
Magnetic field, 1415ff 
curl, 154 
current loop, 138ff 
in different reference frames, 131f 
divergence, 144, 148 
energy in solenoid, 197, 198 
line current, 
in magnetics, calculation, 460ff 
moving charge, 4116ff 
strength, 15 
in infinitely long solenoid, 162 
at interface of magnetics, 163f 
line current in vacuum, 158 
in magnetic, 164f£ 
time-varying, and electric field, 204 
units, 158 
work of current in, 140ff 
Magnetic induction, 116ff, 123 
on axis of ring current, 139 
ballistic method of measuring, 187f 
at centre of ring current, 139 
in electromagnet, gap, 165 
at interface of magnetics, 163f 
residual, 178 
in solenoid, 154 
in toroid, 152 
units, 148, 123 
Magnetization, 153 
initial, curves, 177, 178 
in isotropic substances, 166 
paramagnetic, 176 
Magneton, Bohr, 170 
Magnification, 
lateral, 344 
linear, 344 
Maxwell (Mx), 185 
Medium(a), 
gipa 456 
optical density, 349 
turbid, 468 
Metals, 
classical theory, 230ff 
conductivity, 232, 236 
thermal conductivity, 233 
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Mirror, Fresnel’s double, 361f 
Molecule(s), 
dipole moment, 64, 464 
energy states, 245 
magnetic moment, 170 
non-polar, 62 
polar, 62 
polarizability, 62 
probability of ionization, 247f 
velocity of thermal motion, 300 
Moment, 
dipole, see Dipole moment 
magnetic, 
atom, 170 
electron current, 167 
induced, 172, 173 
molecule, 170 


Neutron, 44 
Nodes, 344 
standing wave, 292f 
Number, 
complex, sum, 321 
Faraday's, 21b 
wave, 


Octupole, 35 
Oersted (Oe), 158 
Ohm (Q), 104 
Opalescence, critical, 470 
Operator, 
del, 49 
Hamiltonian, 49 
Optics, 
geometrical, 334 
criterion of applicability, 440f 
ray, 334 
wave, 318 
Orillationasi 
amped, ncy, 264 
fona. 2668 i 
e damped, 263ff 
‘aphical addition, 443 
rmonic, 304 
in L-C circuit, 264f 
natural, 294 
normal, 294 
period, 262 
resonance frequency, 
charge, 269 
current, 269f 
voltage, 269 


Oscillations, 
string, 293f 
vector diagram, 

Oscillographs, 243 
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Packet, wave, 457ff 
Paramagnetics, 166 
Magnetization, 176 
Paramagnetism, 174 ff 
Particles, 
cha: 


5 
displacement, 
by electric field, 244f 
by magnetic field, 242f 
Motion in magnetic field, 209f 
elementary, 414 
Path(s), optical, 334f, 337 
difference, 350, 354 
tautochronous, 335, 337 
Permeability, 159 
absolute, 159, 164 
‘ferromagnetic, 178f 
Telative, 159 
Permittivity, 74,93 
absolute, 74 
ferroelectrics, 82 
relative, 71 
Phenomena fay 1675 
nomena, gyromagnetic, 
P] toionization, 248 


second, 341 


Plasma, 


energy of electrons, 250f 
p ischarge, 249 
igh-temperature, 249, 254 
isothermal, 249, 254 


Plate(s), 


capacitor, 89 
ci 1 


f-wave, 4455 
quarter-wave, 445, 446f 
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Plate(s), 
zone, 392 
amplitude, 392 
phase, 392 
Point(s), 
cardinal, 338 
conjugate, 338 
Curie, 83, 180 
antiferromagnetic, 184 
focal, 
Cornu spiral, 399 


degree, 434 
dielectric, 63f, 96 
left, 433 
plane, 433 
rotation, 453ff 
residual, 83 
right, 433 
spontaneous, 83 
and surface density of bound charg- 
es, 66f 
Polarizers, 
crossed, 449f 
imperfect, 433 
arallel, 449f 
Polaroid, 441 
Pole, Cornu spiral, 399 
Positron, 12 
Potential, 
electric field, 22f 
and field strength, 25ff 
isolated conductor, 88 


units, 23 
vector, 148 
Power, 


in alternating current circuit, 273f 
current, 444 
factor, 274 
optical, 343 
radiant, electric dipole, 
resolving, 
diffraction reee 417£ 
objective, 7 
spectral instrument, 416, 417 
Precession, Larmor, 172f 
Pressure, light, 314 
Principle, 
Fermat's, 334f 
Huygens’s, 346f 
Huygens-Fresnel, 347, 385ff 
mechanical, of relativity, 480 


316f 


Principle, 
superposition, 
electric field, 19 
magnetic field, 116 
wave 
Proton, {1 


uaaal, 35 


ls fi 
oscillatory circuit, 265f, 270 
sound, 


Radius, coherence, 360 
Ratio, a 
gyromagnetic, 167 
magnetomechanical, 167 
Ray(s), 333 
canal, 
cathode, 254 
extraordinary, 440ff 
light, 320, 335 
ordinary, 440ff 
positive, 254 
Reactance, 272 
capacitive, 272 
inductive, 272 
Reflection, total internal, 326 
Refraction, double, 440, 441, 451 
Region(s), 
continuous discharge, 242 
Geiger, 242 
threshold, 242 
partial proportionality, 242 
proportional, 
shold, 242 
spontaneous magnetization, 179 
Remanence, 178 
Resistance, electrical, 
conductor, 104 
homogeneous cylinder, 104 
Resistivity, 104 
and temperature, metals, 1051 
Retentivity, 178 
Rings, Newton's, 371f 


tion, 108f 
irchhoff’s first, 108f 
Kirchhoff's second, 109f 
loop, 109f 


Saturation, 
prio 176 
magnetic 

Self-induction, 189ff 
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Sensitivity, 
eye, 329f 
relative spectral, 329f 
Shielding, 
electrostatic, 87 
Magnetic, 164 
Siemens (S), 105 
Solenoid, 148 
inductance, 190 
linear current density, 148 
magnetic field, 149ff 


lines, 148f 
„magnetic induction, 154 
Sonar, 297 
Sound, 294ff, see also Waves, 
sound 


acoustic spectrum, 294 
continuous, 294 
line, 295 
intensity, 295 
loudness, 295 
=e con 
ality, 
aed 295 
velocity in air, 300 
wavelengths in air, 301 
Source, light, see Light, source 
Space, Be 
image, 
object, 338 
sort eri mass, 221f 
jpectrograph, mags, 
‘Aston 224 
Bainbridge’s, 222 
Spectrum, acoustic, 294f 
Speed, see also Velocity 
light, 4728 
Spin, electron, 169 
Spiral, Cornu, 398ff 
equation, 399 
Streamer, 256 
Strength, current, see Current 
String, 
fundamental frequency, 294 
natural frequencies, 294 
oscillations, 293f 
Substance, 
diamagnetic, see Diamagnetics 
ferromagnetic, see Ferromagnetic(s) 
magnetic, see Magnetic 
paramagnetic, see Paramagnetics 
Superconductivity, 106 
Surface, 
equipotential, 27f, 85f 
electric dipole field, 34 
pseudowave, 360 
wave, 277 


Susceptibility, 
electric, dielectric, 63f 
tensor, 63 
magnetic, 158f 
ferromagnetic, 178 
molar, 166, 173f, 176 
paramagnetic, 176 
tensor, 158 
Synchrocyclotron, 227 
Synchrophasotron, 227 
Synchrotron, 227 
proton, 227 
System, 
electrically isolated, 12 
optical, 
centered, 338f, 344 
converging, 343 
diverging, 343 
formula, 343 
ideal, 338f 
System of units, 
absolute, 
electromagnetic (cgsm), 15 
electrostatic (ogee), 15 
Gaussian, 15, 16, 148f 
International (SI), 15, 334 
rationalized, 16 


Tensor, 
dielectric susceptibility, 63 
magnetic susceptibility, 158 
Term, interference, 354 
Tesla (T), 118, 123 
Theorem, 
circulation of magnetic field strength 
vector, 157 
Fourier, 355 
Gauss's, 54f 
for Spo displacement vector, 


for paenetie induction vector, 
1 


Gauss’s divergence, see Theorem, 
Ostrogradsky-Gauss 
Ostrogradsky-Gauss, 43, 51 
Stokes’s, 48f, 54 v 
Theory, speomomagmetic; of light, 
6: 


Thermometer, resistance, 106 
Threshold, 

feeling, 295 

hearing, 295 

pain, 295 
Timbre, sound, 295 
Time, coherence, 355, 357 
Tone, 295 

Pitch, 295 
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Toroid, 152 
magnetic induction, 152 
Torque, on current loop, 433ff 
Tube(s), 
cr ode Tas 213 
glow discharge, 251f 
for advertisements, 253 


Ultrasound, 294 
Units, system, see System of units 


Vector, 
current density, 99f, 106 
direction, 99 
steady current, 101 
electric displacement, 71f, see also 
Electric displacement 
energy flux density, 3410f 
light, 348 
magnetic field strength, 159 
magnetic induction, 
circulation, 144ff 
curl, 147f 
flux through surface, 144 
Poynting, 311, 
Umov’s, 288f 
282 


group, 
chai 279, 286 
electromagnetic waves, 305 
sound, in air, 300 
wave, 275 an 
electromagnetic, 
light, 441 
sound, 299f 
Vibrator, Hertz, 309 
Volt (V), 23 
Voltage, 90, 103 A 
alternating current, effective value, 


resonance curves, 269 
Volume, coherence, 364 


Wave(s), s 
absorption coefficient, 290 
coherent, 290, 348 
roduction, 349 É 
diffraction, 384ff, see also Diffrac- 
tion 
elastic, n A 
energy, 
density, 287 ; 
longitudinal, phase velocity, 286 
electromagnetic 


Wave(s), 
electromagnetic, 
amplitude of electric and mag- 
netic vectors, 308 
energy, 310ff 
density, 340 
oscillations of electric and mag- 
netic vectors, 308 
phase velocity, 305 
plane, 305ff 
310 


transverse nature, 
velocity, 309 

bebe o), 278ff, 282ff, 291, 308, 
up, 457 

aes plane, 324 


initial phase, 279 
intensity, 289, 290 


interference, 291, 348f, 384, see 
also Interference 
light, 348ff 


Doppler effect, 303 
frequencies, 319 
reflection coefficient, 328 
transmission coefficient, 328 
velocity, 444 
longitudinal, 275, 276 
number, 
packet, 457ff 
group velocity, 458ff 
phase velocity, 279, 286 
plane, 277 
damped, 290 
interference, 352f 
point source, 280 
sound, 294 
Doppler effect, 302f 
energy, 296 
in gas, 297 
intensity, 300f 
velocity in gas, 299f 
spherical, 277, 281 
undamped, 290 
standing, 291ff 
amplitude, 291f 
antinodes, 291ff 
of deformation, 
nodes, 292f 
of velocity, 293 
superposition principle, 290 
surface, 277 
train, 324 
transverse, 275f 
ultrasonic, 296 
vector, 282 
velocity, 275 
Wavefront, 277 


293 
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Wavelength(s), 277i Work, 

visible light, 349 electric field, on electron, 249f 
i (Wh), 185 ` magnetic force, on electron, 186 
ork, 

on charge, 

in circuit, 103 ne(s), 
in force field, 20f, 23, 26f Z 388ff 
current, 196f plate, 392 


in magnetic field, 140ff wave, electric dipole, 315 
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